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Abstract 
Run-off road vehicle accidents are a major cause of loss and causality on 
Australian roads, with errant vehicle incidents often leading to potentially serious 
injury or death for both the vehicle user and other road users. The potential for harm 
is significantly increased along road work zones, where the narrow separation 
between work area and roadway greatly increase the risk for workers. Road safety 
barriers are commonly used to safely control and redirect errant vehicles, providing 
protection for all road users. New international and national standards are signalling 
a change in the assessment of the performance of these barriers, with the safe 
redirection of the errant vehicle strictly defined and required.  
The capability and performance of road safety barriers has traditionally been 
assessed experimentally in full-scale, vehicle crash tests. These tests require a vehicle 
to impact a large number of barriers, with the response of the vehicle being used to 
assess the performance of the barrier. As these full-scale tests are considerably 
expensive and resource intensive, the tests are rendered unsuitable for the assessment 
of a barrier in its early stages of development. Computational methods, namely finite 
element analysis, is widely used in development of road safety devices, though there 
have previously been no examples of deformable, portable road safety barriers being 
assessed using these methods.  
The primary aim of the work presented in this thesis is to develop a validated, 
computational model of a portable, composite, water-filled road safety barrier, using 
finite element and smooth particle hydrodynamic methods. This model could be used 
in the development process of a new design of portable road safety barrier, lessening 
the need for costly full-scale testing during the barrier’s design phase. This thesis 
also uses the validated model of the barrier to explore the fundamental deformation 
mechanics the barrier undergoes during impact, so that future development can be 
better informed. The combined finite element and smooth-particle hydrodynamic 
model of the barrier was created using the most applicable and accurate modelling 
methods in conjunctions with experimental analysis of the barrier’s mechanical 
properties.  
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An innovative horizontal impact testing system was used as a surrogate for an 
impacting vehicle, to assess the impact response of the composite barrier. The results 
of the experimental tests were used to validate the computational model of the 
barrier. Using this model, investigation into the basic and underlying impact response 
of the portable and deformable barrier was undertaken, establishing a precedent for 
using these methods in the design of such a barrier.  
As part of the experimental testing and modelling of the composite barrier, the 
performance of polymeric foams as an impact mitigating material in a portable road 
safety barrier was also assessed. The material was experimentally tested, with 
investigation using the validated computational model of the barrier showing that the 
foam had a significant and beneficial effect on the impact response of the barrier.  
The computational model described in this thesis provides an example of how 
the underlying conceptual and mathematical models can be used in conjunction with 
considered modelling techniques to analyse and understand the behaviours of road 
safety barriers during impact. These methods can be used to inform the design and 
development of road safety devices, and other deformable system undergoing 
impact. Along with the innovative experimental program, these methods provide a 
framework for the functional appraisal of road barrier systems.  
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Chapter 1: Introduction 
1.1 BACKGROUND 
Australia’s annual road death toll for 2011 was 1,291 with an estimated 24,000 
serious injuries and a total cost to the economy of $27 billion (Bureau of 
Infrastructure, Transport and Regional Economics, 2011). Road accidents 
disproportionately affect road users aged between 17 and 25, leadings to associated 
enduring emotional problems and also the economic consequences incurred through 
the loss of productive years. Many serious road crash injuries (Figure 1-1) have 
significant and long term impacts including loss of quality of life and high 
rehabilitation cost for injured persons, which can hence lead to a reduced productive 
output over the longer term.  
A modern industrial society requires reliable, efficient and safe transportation 
systems, with the ever increasing number of vehicles on Australia’s roads reflecting 
this requirement. The expanding size of the national vehicle fleet intensifies the need 
for improved and greater capacity roads, motorways and highways.  Any 
construction on or around road ways poses additional hazards and increased risks to 
both the road user and the people working to improve the roads. It is necessary that 
the consequences of the hazards and risks be effectively minimised.  
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Figure 1-1 A typical highway accident scene in Australia (Australian Broadcasting 
Corporation, 2012) 
A significant portion of serious road accidents resulting in casualties are the 
result of run-off-road type incidents, where an errant vehicle veers off the course of 
the road way (Australian Transport Council & Australian Transport Safety Bureau, 
2011). Road safety barriers are designed to seeking to control and safely redirect 
errant vehicles, and their effective use has been shown to result in a 90% reduction of 
the crash casualty severity on high speed roads (Oxley et al., 2004). 
Portable road safety barriers are frequently used in and around work zones on 
the road ways. These barriers are designed to be quickly installed on site and provide 
the required level of protection. The function and capacity of these barriers is of 
increased importance, as an errant vehicle or off-road accident at road work sites will 
often occur within the vicinity of many road workers and their equipment, increasing 
the potential for casualties if the level of protection is not adequate. Portable road 
safety barriers are used in different operational situation to other road safety barriers, 
and as such have different operational and functional requirements.  
It is necessary that the impact performance of road safety barriers during 
impact situations is assessed according to jurisdiction-dependent standards, so that 
the safety levels of a roadway utilising these barriers can be properly managed. The 
standards defining the testing and evaluation methods of road safety barriers in both 
the United States and Australia are currently in a period of transition as they are 
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updated to reflect the changing national vehicles fleets. Changes made in the full-
scale vehicular impact tests and evaluation metrics described in these standards seek 
to improve the safety and capacity of the barriers being used on the roads. The 
updated evaluation methods in the standards are predicted to have a profound effect 
on the rated capacity of portable road safety barrier, and hence significant efforts are 
currently underway to make changes to the designs of the effected barriers, so that 
they may meet the future safety requirements.  
1.2 CURRENT ROAD SAFETY BARRIER EVALUTION METHODS 
The development of most road safety devices requires that the safety 
performance of the device must be experimentally determined in a full-scale 
vehicular impact test (AASHTO, 2009). The financial and time costs associated with 
the full-scale testing is significant and may often prove to be prohibitive, and hence 
the testing is only appropriate when the impact performance of a device is 
significantly well understood.  
While full-scale vehicular impact testing is necessary for the assessment of a 
barrier’s ability to safely control and redirect an errant vehicle, the excessive cost of 
the tests ensure that other methods of design assessment are necessary during the 
development process. As such it is necessary that other design evaluation techniques 
and development methods are available to the industry so that the performance of a 
barrier’s design can be well understood and the development of new systems can 
proceed. There is an evident need for such developmental methods and it is 
necessary for these methods to be cost-effective, while not requiring intensive 
investment in research capital.  
A number of methods are available to engineers as both design tools and 
impact response evaluation methods, including computational modelling, finite 
element simulation and isolated experimental assessment. Analytical modelling 
(Grzebieta, Jiang, & Zhao, 2004) and finite element analysis (Atahan, 2006) have 
been frequently used to represent and assess the behaviour of fixed and rigid road 
safety barriers, though there use for modelling the behaviour of portable and 
deformable barriers during impact is limited. Isolated experimental testing is a form 
of reduced impact testing which can decrease the cost of barrier evaluation by using 
a surrogate testing environment to assess the behaviour of the barrier during an 
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impact scenario, the results of which can be used to inform the design process and 
implementation of the barrier. 
1.3 PORTABLE BARRIER IMPACT MECHANICS 
It is the role of the road safety barrier to slow the errant vehicle at a safe rate, 
while ensuring that it is redirected safely, as per the requirements of the relevant 
standards. It is required that road safety barriers meet the impact safety and 
performance criteria given in these standards, with existing designs of water-filled, 
portable road safety barriers previously having achieved moderate safety ratings. The 
document defining the testing and evaluation protocols for road safety barriers in the 
United States (Manual for Assessing Safety Hardware) has recently been updated to 
reflect an updated vehicle fleet and features more stringent evaluation measures. 
These changes may see that currently available water-filled, portable road safety 
barriers may not achieve the previous attained safety ratings. 
While the impact mechanics of rigid (e.g. portable concrete barriers) and fixed 
(e.g. steel guardrails) has been well documented and investigated, very little work 
has been done to investigate the performance of water-filled, portable barriers. 
Different barrier types achieve the safe control of errant vehicles using different 
impact mechanism, with the available literature revealing very little concerning the 
impact mechanisms of portable, deformable barriers. Though rigid and fixed barriers 
have successfully been modelled using the finite element method, there is no 
published work on the modelling of barriers which are both portable and deformable. 
Polymeric foams are becoming increasingly used in a large range of impact 
mitigating devices, as they can offer a large increase in the energy absorbing 
capability of a system while keeping any increase in mass to a minimum. Polymeric 
foams have recently been used in fixed, rigid road safety barriers (Reid, Faller, 
Holloway, Rohde, & Sicking, 2003). A thorough design investigation must be 
performed assessing the efficacy and function of the foam before it is used in a 
deformable and portable barrier. 
1.4 AIMS AND OBJECTIVES 
The main aim of the work presented in this thesis is to develop and 
demonstrate an analytical framework for appraising the impact performance of 
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composite, portable road safety barriers using experimental and computational 
methods, which will help to reduce the need for expensive, full-scale vehicular 
impact testing. As part of this primary aim, the following sub-aims and objectives are 
established as part of the scope of the research:  
 Experimental investigation of the mechanical properties of polymeric 
foams at low to moderate strain-rates. 
 Development of a suitable material model for the polymeric foams to 
be used in a finite element model of an impact mitigating system. 
 Development of an innovative experimental impact testing program for 
isolated impact testing of water-filled barriers. 
 Determination of the effect of the various sub-components on the 
impact performance of a composite road safety barrier. 
 Development of a combined finite element and smooth particle 
hydrodynamic computational model of a composite, water-filled road 
safety barrier, including material models. 
 Determine the validity of the developed model of the composite barrier 
using the results of the experimental impact. 
 Examine the deformation mechanics of the composite barrier during a 
destructive impact. 
 Demonstrate the capability of the computational model of the barrier to 
function as a design investigation and development tool. 
 Examine the efficacy and capability of polymeric foams to function as 
an energy absorbing material as part of a portable road safety barrier. 
1.5 INNOVATION 
This thesis has developed significant and comprehensive research information 
on the behaviour of portable, deformable road safety barriers during destructive 
impacts. Polymeric foams are experimentally examined at low and moderate strain-
rates, revealing important mechanical properties of the foams, from which 
functioning verified and valid models of the foams were developed for use in finite 
element (FE) simulations. An innovative impact testing system has been used to 
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experimentally determine the impact behaviour of a composite barrier, demonstrating 
the testing system’s capabilities and functionality.  
A comprehensive description of the development of the combined FE and 
smooth particle hydrodynamic (SPH) model of the composite barrier is given, 
including the use of novel material models. The developed computational model is 
shown to be valid, with excellent correlation with the experimental. The model’s 
ability to be used a design tool is demonstrated, with the results of a design 
investigation utilising the combined model examining the performance of polymeric 
foams as part of a portable road safety barrier.  
These innovations demonstrate the realisation of two underlying fundamental 
achievements of the research. Summarised, the work presented in this research: 
 Demonstrates the capability of the conceptual and mathematical models 
to be utilised in a combined FE/SPH computational model to accurately 
simulate deformable, water-filled systems during impact.  
 Develops an experimental and computational framework for the design 
and appraisal of flexible road safety devices. 
1.6 SCOPE 
The scope of the work present in this thesis includes the experimental and 
computational investigation of a single barrier module’s response during a 
destructive impact. The experimental tests were of impact energies which a single 
barrier would generally experience as part of an in-field installation, with the impact 
being perpendicular to the line of the barrier. The computational model of the 
composite barrier was developed to represent this scenario, with the investigation 
into the barrier’s design also utilising a single barrier module in a perpendicular 
impact.  
The functionality of the model could be enhanced if the model was shown to be 
valid for angled impacts and for arrays of inter-connected barriers; however, such a 
model would require experimental and computational investigation beyond the scope 
of this thesis. It is evidenced that, given proper development methods and validation 
processes, the methodologies presented in this thesis may be extended and applied to 
the experimental testing and modelling of arrays of composite, water-filled barriers.  
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1.7 RESEARCH AND METHODOLOGY 
The program of research implemented in the examination of the impact 
response of a composite barrier made use of extensive experimental testing methods 
which were complemented and supplemented by the novel and innovative 
simulations of the barrier using verified FE solvers. The research methods used to 
achieve the aforementioned project aims were informed by a comprehensive 
examination and review of the available literature, and are summarised in the 
following sections. 
1.7.1 Experimental analysis and modelling of polymeric foams 
A number of samples of polymeric foams were examined in experimental 
mechanical compression tests at strain-rates up to moderate levels. The force and 
displacement responses of the loading and unloading profiles of the foams were 
recorded, and were subsequently used in the development of new FE material models 
of the foams. The experimental results were used to validate the material models of 
the foams. 
1.7.2 Experimental impact testing of composite barrier 
Using an innovative horizontal impact testing system, the impact responses of 
four iterative designs of a composite barrier were recorded. The testing system acted 
as a surrogate for an impacting vehicle and sought to assess the structural response of 
the barrier to a state of failure of the barrier. The kinematics of the impacting body 
was recorded using a number of instrumentation methods, in addition to recording 
the post-impact deformation of the barrier. The four iterative designs were used so 
that the effect of each sub-component on the impact response of the barrier could be 
assessed by comparison of the test results, isolating the benefit of specific 
components. 
1.7.3 Development of a model of composite road safety barrier 
A computational model of the composite barrier used in the experimental 
impact testing was developed for use in explicit simulation of the barrier’s impact 
behaviour, using a combination of FE and SPH modelling methods. A specimen of 
the composite barriers was used to develop geometric and FE models of the barrier, 
with the material models being based upon both the experimental investigation of the 
material properties and a review of the literature. Simulations of the experimental 
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impact testing were constructed, with the results of these simulations being compared 
to the experimental test results as part of the model validation process.  
1.7.4 Demonstration of capability of model as design tool 
With the validity of the computational model of the composite barrier and its 
development methods established, the model was subsequently used to explore 
important design aspects and deformation mechanisms of the barrier. A new model 
of a composite barrier was established based upon the validated conceptual and 
mathematical modelling methods and was used in comparative design and parametric 
studies. The combined FE/SPH model is used to assess the efficacy of polymeric 
foams to function as part of a composite barrier, as well as its interaction with other 
important design parameters during impact.  
1.8 THESIS LAYOUT 
Chapter 2: provides a detailed literature review of work concerning the 
function, capability and assessment of road safety barriers, the ability of analytical 
systems to model the behaviour of road safety barriers and the capabilities of 
polymeric foams as energy absorbing materials. The chapter first presents a review 
of work concerning the road safety barriers, detailing the standards that govern the 
testing and evaluation of the barriers, in addition to the various types of barriers and 
their functions. Particular attention is paid to reviewing the numerous portable, 
water-filled barriers designs, as well as the mechanics of the barrier behaviour during 
impact. The chapter then address the capability of available computational methods, 
particularly the FE method, in modelling road safety systems during impact. The 
history of efforts made to simulation barrier behaviour is also detailed. Lastly, a 
review of the use of polymeric foams as impact mitigating materials is given. The 
review looks at various types of polymeric foams, their uses and material 
characteristics. 
Chapter 3: details the experimental testing of two types of polymeric foams and 
the subsequent development of a material model of the foams. The scope of the work 
presented in this chapter covers the mechanical response of the foams at low to 
moderate strain-rates during compression. The material model is developed using the 
results of the experimental tests and is validated against the testing results. Details of 
the experimental method, material behaviours and model development are given. 
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Chapter 4: is concerned with the experimental impact testing of the composite 
barriers. The chapter’s scope includes an examination of the composite road safety 
barrier used throughout the thesis, a detailed description of the innovative horizontal 
impact testing systems, a thorough account of the experimental impact testing 
program and an analysis of the data emanating from the tests.  
Chapter 5: provides a thorough description of the development of a combined 
FE/SPH model of the aforementioned composite road safety barrier and its validation 
analysis. The scope of the chapter includes an in-depth description of the 
construction of the FE or SPH model of each of the four major barrier sub-
components, including the geometry models, FE meshes or SPH fields and the 
development of the requisite material models. Each model is verified and the 
conception of the combined model of the composite barrier is detailed. The 
simulations of the experimental tests are described and the results of the 
experimental tests are compared against the simulated behaviour, allowing for the 
validity of the model to be assessed. Finally the model is used, in combination with 
the experimental data of Chapter 4:, to investigate the deformation mechanisms that 
occur during the impacts. 
Chapter 6: provides an example of how the computational model and 
development methods detailed in Chapter 5: can be used to as design tools, 
describing the development and subsequent results of a series of design investigation 
using the combined FE/SPH model. The scope of the chapter consists of the 
development of a computational model of a generic road safety barrier including the 
sub-components using the previously established methods, a comparative design 
study assessing the efficacy of polymeric foams, and two parametric studies 
investigating the importance of certain design parameters and their effect on the 
barrier’s response.  
Chapter 7: highlights the implications of the work presented in the thesis and 
review the major findings of the research. The content of the thesis is considered 
relative to the literature, examining the scope of the investigation and gives 
recommendations for future work.  
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Chapter 2: Literature Review 
2.1 ROAD SAFETY BARRIERS 
A road safety barrier can be simply defined as an object the function of which 
is to redirect and safely control an errant vehicle during an impact, for the safety of 
both the vehicle’s occupants and all other road users and road workers. It is 
important that the role and function of road safety barriers is understood properly, so 
that the aims of this thesis can be properly aligned with what is required in the 
development of a functional portable road safety barrier. This section will examine 
national and international standards pertinent to road safety barrier designs, currently 
available road safety barriers and important impact mechanics of road safety barriers.  
2.1.1.1 International and Australian standards for road safety barriers 
There is an intrinsic requirement that any device which purports to potentially 
save lives be held accountable to a fixed and rigorously defined standard, against 
which the device’s efficacy can be assessed. Due to the high rates of road accident 
fatalities in Australia and overseas, research into road safety is highly detailed and 
for a road safety system to be implemented by a transit authority, it must be shown 
the system performs at the required level.  
 In Australia, the functions and requirements of road safety barriers are defined 
by the document AS3845:1999 (Standards Australia, 1999). This standard was first 
published in 1999, and sets out to describe the following points within its scope; the 
experimental methods and evaluation criteria for road safety barrier systems, issues 
to be addressed with specifying these devices, erection and maintenance procedures, 
and steps to be taken to evaluate necessary repairs. The standard specifically 
mentions that it only applies to road safety barriers that are erected only to serve a 
purpose as a road safety barrier; that is, it does not apply to systems used as 
delineators and that it does not set out to recommend one barrier in preference to 
another. 
The majority of AS3845:1999 details either the process which should be used 
in selection, designing and maintenance of a road safety barrier system for a 
particular site or providing designs of road safety barriers systems which are 
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available for use in the public domain. In terms of the testing and evaluation of road 
safety barriers systems, the standard references directly to the relevant standard in the 
United States, entitled NCHRP Report 350 which is first published by the National 
Cooperative Highway Research Program in 1993 (NCHRP, 1993). 
NCHRP Report 350 is an update to a succession of standards documents which 
date back to the first attempt at standardising road safety barrier testing, Highway 
Research Board Circular 384 published in 1962. Report 350 presents the methods to 
be used in conducting and evaluating vehicle crash tests and in-service evaluation of 
road safety barrier systems and roadside appurtenances. The list of covered devices 
includes longitudinal barriers, crash cushions, breakable supports for road signs, 
truck mounted attenuators and work site traffic control devices. The testing and 
evaluation schedules detailed within the report are designed to ensure uniformity in 
testing processes and evaluation methods used across the numerous agencies 
responsible for the testing, to allow transit authorities to determine the most suitable 
system for themselves.  
For road safety barriers, Report 350 defines appropriate testing and evaluation 
criteria for both length of need and transitions. The length of need is defined as the 
longitudinal section of a barrier designed to contain and redirect an errant vehicle, 
while a transition is section of a longitudinal barrier between and connecting sections 
of differing lateral stiffness or geometry. This thesis is primarily concerned with the 
length of need section of the barrier, and hence only this section will be looked at. A 
length of need barrier can be tested and evaluated to meet a series of testing levels of 
increasing impact severity. Definitions of the first four testing levels, including what 
tests are to be performed and the relevant evaluation criteria can be seen in Figure 
2-1. 
The first three testing levels are essentially the same tests with the velocity 
increasing so that the impact severity doubles from testing level 1 (TL-1) to testing 
level 2 (TL-2), and from TL-2 to testing level 3 (TL-3).The recommended basic 
testing level for fixed longitudinal barrier is TL-3, and this stands as the minimum 
testing level require for a barrier system to be implemented on a mixed used 
highway. Test that are prefixed by the letter S are optional, and these testing a very 
rarely performed and reported upon.  The suggested length of the testing installation 
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for a longitudinal barrier is three times the expected deformation, or 30 m for a non-
rigid barrier (i.e. water-filled barriers, guardrails and wire-rope barriers).  
 
Figure 2-1 Details of the first four testing levels for a longitudinal barriers in Report 
350 (NCHRP, 1993) 
The vehicles listed in the fourth column of Figure 2-1 are standardised vehicle 
type which a defined to reflect the large portions of these types of vehicles in the 
national fleet. The type and details of the testing vehicles can be seen in Figure 2-2. 
The report recommends that only vehicle from the last six production year be used in 
any testing. The last column in Figure 2-1 defines which evaluation criteria are to be 
used for tests, with these criteria being detailed in Table 2-1. Note that evaluation 
criteria J concerns the use of a Hybrid-III crash test dummy to assess occupant 
safety, and is an optional criteria as these dummy here designed for purely head on 
impacts, and as such is omitted from Table 2-1. 
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Criteria H, I and M of Table 2-1 define the limits of the restraint and 
redirection of the errant vehicle, while criteria A, D, F and K dictate that the impact 
must occur in a controlled, safe and restrained manner. 
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Evaluation 
Factor 
Criteria 
Label 
Evaluation Criteria 
Structural 
Adequacy 
A Test article should contain and redirect the vehicle: the 
vehicle should not penetrate, underride, or override the 
installation although controlled lateral deflection of the 
test article is acceptable. 
Occupant Risk D Detached elements, fragments or other debris from the 
test article should not penetrate or show potential for 
penetrating the occupant compartment, or present an 
undue hazard to other traffic, pedestrians or personnel 
in a work zone. Deformations of, or intrusions into, the 
occupant compartment that could cause serious injury 
should not be permitted. 
 F The vehicle should remain upright during and after 
collision although moderate roll, pitching and yawing 
are acceptable. 
H Occupant impact velocities should satisfy the 
following: 
Occupant Impact Velocity Limits (m/s) 
Component Preferred Maximum 
Longitudinal and Lateral 9 12 
I Occupant ridedown accelerations should satisfy the 
following: 
Occupant Ridedown Acceleration Limits (G’s) 
Component Preferred Maximum 
Longitudinal and Lateral 15 20 
Vehicle 
Trajectory 
K After collision it is preferable that the vehicle's 
trajectory not intrude into adjacent traffic lanes. 
M The exit angle from the test article preferably should be 
less than 60% of test impact angle, measured at time of 
vehicle loss of contact with test device. 
Table 2-1 Table of the evaluation criteria relevant to bottom three testing levels of Report 350 
(NCHRP, 1993) 
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Figure 2-2  Details of testing vehicles of use in NCHRP Report 350 for tests up to 
TL-3 (NCHRP, 1993) 
The Occupant Impact Velocity (OIV) and Occupant Ridedown Acceleration 
(ORA) are based on the safe limits of human biomechanics in deceleration. The OIV 
makes use of the flail-space model where a rigid point mass is assumed to retain the 
pre-impact velocity of the vehicle, and a bounding box is imposed to model the 
vehicle cabin. The OIV thus measures the relative velocity between the rigid point 
mass and the boundary box when they collide, which can be mathematically 
expressed as: 
 ܱܫܸ ൌ ௫ܸ,௬ ൌ ׬ ܽ௫,௬௧
∗
଴ 	݀ݐ	 Eq.		2‐1	
 ܺ, ܻ ൌ ׬ ׬ ܽ௫,௬௧
∗
଴
௧∗
଴ 	݀ݐଶ	 Eq.		2‐2	
where X and Y are the bounding limits in longitudinal and lateral directions (0.6 
m and 0.3 m respectively), t* is the time after initial impact and ax,y is the acceleration 
of the vehicle as measured at the centre of mass. The impact times corresponding to 
the displacement limits X and Y are determined from the filtered accelerometer time 
history as per Eq. 2-2, with Eq. 2-1 subsequently used to calculate the value of the 
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OIV.The ORA metric is simply the maximum value of the deceleration of the vehicle 
as measured at the centre of mass, with a 7 ms moving average of the instantaneous 
acceleration to account to remove ineffectual spikes in the recorded data. 
AS3845:1999 does alter the recommended testing and evaluation procedure of 
road safety barrier systems from NCHRP Report 350, provides an additional testing 
level, TL-0. TL-0 uses a 1600 kg sedan as its testing vehicle, and requires similar 
testing as TL-1. This test level was aimed to provide a lower entry point for new road 
safety barriers in Australia as it has an impact energy of only 80% that of TL-1.   
AS3845:1999 is currently undergoing a review to update the standard to 
reflect, the publishing of the Manual for Assessing Safety Hardware (MASH) and 
changes to the national vehicle fleet. MASH has been published by the American 
Association of State Highway and Transportation Officials in 2009 as a replacement 
of NCHRP Report 350 (American Association of State Highway and Transportation 
Officials, 2009). The main differences between Report 350 and MASH of 
importance to this thesis is updating the test vehicles to reflect changes in the vehicle 
fleet (the 820C replaced with the 1100C and the 2000P replace by the 2270P) and 
changing small vehicle impact angle to 25 degrees.  
EN1317 is the recognised standard covering road safety barriers for the 
European Union (British Standards Institute, 1998a). The document works in much 
the same way as Report 350 in defining a series of containment levels for which 
specified crash tests must be conducted and certain criteria must be evaluated.  
Impact energies for a given containment level in EN1317 are generally lower than 
those of the equivalent testing level in Report 350 (British Standards Institute, 
1998b). This can be mainly attributed with a reduce mass for the testing vehicles (a 
1,500 kg car compared to 2000P), which is a result of the difference in the vehicle 
fleet between the USA and EU. 
The largest changes between EN1317 and Report 350 come in the forms of the 
evaluation criteria. The evaluation criteria for EN1317 are much more quantified, 
with the addition of the working width condition and exit box. The working width is 
defined as the distance between the traffic facing side of the barrier before impact 
and the maximum dynamic lateral position of any major part of the system (Figure 
2-3). While the working width is not part of the evaluation criteria for the 
containment level, it is recorded and published of the test report, and useful for road 
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designers in selecting portable barriers for work zones. The exit box is defined as 
starting from the point of contact break with a given length and width (based on the 
type and size of the vehicle) going along the length of the barrier. The vehicle must 
exit via the far end of the box to pass the test.  
 
Figure 2-3 Diagram of the dynamic deflection (D) and the working width (W) of 
EN1317 (British Standards Institute, 1998b) 
2.1.2 Currently available road safety barriers 
This section will detail currently available road safety barrier systems. Both 
fixed and temporary barrier systems will be analysed, as they both provide context 
for and information on the mechanisms of a functional flexible, portable road safety 
barrier. In this thesis, unless otherwise mentioned, the discussion of road safety 
barriers is limited to longitudinal road safety barriers.  
2.1.2.1 Fixed safety barriers 
All road safety barriers can be broken up into two functional groups: fixed road 
safety barriers and portable road safety barriers. It is important to study both groups 
of road safety barriers in order properly understand the required structural properties 
and mechanical function of the barriers.  
Fixed road safety barriers are permanent pieces of road side furniture whose 
primary function is to safely redirect errant vehicles. There exist three broad groups 
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of permanent road safety barriers, which are principally demarcated based on their 
construction:  
 Permanent concrete barriers 
 Steel guardrails 
 Wire rope safety barriers 
Each of these fixed road safety barriers has its own functional impact 
mechanics and hence they each have their own principal area of usage.  
With respect to the impacting errant vehicles, permanent concrete barriers are 
rigid and absorb very little impact energy themselves during an impact. Concrete 
barriers are typically made as a steel reinforced concrete structure, and can either be 
prefabricated off site or fabricated in position. In order to meet the requirements of 
NCHRP Report 350, the function of a permanent concrete barrier is to safely redirect 
an errant vehicle and to rely of the vehicles body as the main source of energy 
absorption. Permanent concrete barriers are relatively inexpensive per length of 
protection and have an effectively zero working width (Rosenbaugh, Sicking, & 
Faller, 2007), meaning that they are frequently used where space is a premium, such 
as city freeways. Some designs of permanent road safety barrier have been assessed 
to meet the requirements of TL-4 and TL-5 of NCHRP Report 350 and MASH-08, 
meaning that they are ideal for use on high speed, mixed use highways (Burbridge, 
2011).  
The main installation benefit of steel guardrail systems is that they can be 
installed onto roads with corners of tight radii, although this can have a dramatic 
effect of the safety performance of the guardrail (Standards Australia, 1999). A steel 
guardrail is of a standard form where the guardrail is attached to evenly spaced, fixed 
posts via a spacer as can be seen in Figure 2-4. The geometry of these three 
components has been continually studied and incrementally improved upon, with the 
spacer and post being particular well studied (Polivka et al., 2004) (Martin & 
Wekezer, 1998). Dependent on the construction methods used for a given guardrail, 
an installation mainly functions during vehicular impact by both redirecting an errant 
vehicle and absorbing a small portion of the kinetic energy of the vehicle via 
deformation of the guardrail and posts. While this can lead to increased working 
widths and increased maintenance cost compared to permanent concrete barriers, 
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guardrails and a widely used road safety hardware device due to their reduced cost 
and flexibility of installation environment. A range of proprietary designs have met 
the requirements of TL-3 for AS3845 and are widely used on Australian roads 
(Burbridge, 2011).  
 
Figure 2-4 The Midwest Guardrail System, featuring wooden block spacers (Polivka 
et al., 2004) 
Wire rope safety barriers (WRSBs) are constructed from a series of horizontal, 
highly tensioned wire ropes, supported by regularly spaced, breakable posts. 
Functionally, WRSBs (also known as cable barriers) are designed to be non-rigid 
with the wire ropes arresting the motion of an errant vehicle, with a working width 
larger than permanent concrete barriers and guardrails. The large amount of 
deflection that the wire rope experience indicates that the decelerations experienced 
by the errant vehicle occupants is considerably lower than other permanent barrier 
systems. There are numerous of designs of existing available WRSBs currently on 
the market, a number of which have been shown to meet the requirements of TL-3 
(Burbridge, 2011) and satisfied the requirements of test 2-11 when installed onto a 
road with a horizontal radius of 200 m (Road and Traffic Authority, NSW, 2004). 
Milton and Albin (2004) reported that the installation cost of a cable barrier system 
was 36% less than guardrail system, and up to 89% less than the cost of a permanent 
concrete barrier installation.  
 Chapter 2: Literature Review  21 
2.1.2.2 Portable road safety barriers 
Portable road safety barriers are frequently and most commonly used to ensure 
safety around road works or work site close to the road. A portable road safety 
barrier installation will typically feature a number of individual barriers segments, 
with adjacent units joined together via a common connection mechanism. In these 
situations, a road safety barrier needs to provide protection for both road users and 
personnel within the work zone. In addition to the functionality being measured by 
performance and cost, as with a permanent barrier, a portable road safety barrier is 
also assessed on a number of other parameters. A portable road safety has to be 
transportable, easy to install and able to be installed in a range of road conditions.  
It is optimal for a barrier supplier to be able to maximise the length of 
protection provided by a barrier that can be transported on a single truck. This lowers 
the overall cost of the barrier installation in addition to helping to speed up the 
installation process. For instance, a flatbed truck which can transport 140 m of steel 
barriers may only be able to transport 30 m of a concrete portable barrier (Markwell, 
2005).  
Once the portable barriers have been transported to site, they must be moved 
into position and joined together. This installation process needs to be both simple 
and quick. An ideal barrier would be light enough to be moved by hand and have a 
connection mechanism consisting of very few parts, minimising the time required for 
and the complexity of the installation. Portable concrete barriers have a typical mass 
of 1,400 kg per two metres of protection and generally require forklifts to place them 
in position (Bligh, Sheik, Menges, & Haug, 2005), which greatly reduces their ability 
to adapt to changes on the roadway. Portable barriers are often installed on roads 
undergoing repairs where the road surface may not design for the barrier. As such the 
connection mechanism of a portable barrier must be able to accommodate small 
angular misalignments between adjacent barrier units. 
Designed in a similar manner to permanent concrete barriers, portable concrete 
barriers are precast, steel reinforced structures with simple connection mechanism on 
either end. The often have the same profiles as traditional concrete road safety 
barriers, with the main difference between commercial offerings being the length of a 
single barrier and the design of the connection mechanism. The are many different 
types of connection mechanism for portable concrete barriers including I-beam 
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connection (Atahan, 2006), cross bolt connection (Bligh et al., 2005), splice 
connections (Bligh, Bullard, Menges, & Butler, 2002) and pin and loop connectors 
(Faller, Rohde, Rosson, Smith, & Addink, 1996). There has been a large number of 
research studies carried out on the impact performance of joining systems used for 
concrete barriers, which indicates the importance of the joints on the performance of 
the system. Portable concrete barriers are relatively common in the United States due 
to their low cost for contractors (concrete barriers are often owned by the relative 
Department of Transport, giving these barriers a significant cost advantage) but are 
less common in Europe and Australia. 
 
Figure 2-5 Examples of portable concrete barrier joints: (a) I-beam connection 
(Atahan, 2006), (b) cross bolt connection (Bligh et al., 2005), (c) splice connections 
(Bligh et al., 2002) and (d) pin and loop connectors (Faller, Rohde, Rosson, Smith, & 
Addink, 1996) 
Portable steel barriers are much more prevalent in Europe and Australia than 
they are in the United States. They consist of long galvanised steel barrier segments 
which can be linked together, much like a portable concrete barrier. In general steel 
barriers have the benefit of low transport mass (around 180 kg/m), allowing for a 
large length of protection to transported on a single truck. Retractable caster wheels 
on the bottom of the barriers around for a relatively quick  on-site installation. In 
addition the low mass of the installed barriers means that they can be installation on 
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reduced load capacity structures, such as bridges, which is a key benefit over 
portable concrete barriers. There are a number of  major propriety brands of portable 
steel road safety barrier, including the Zoneguard™, Vulcan™ (Figure 2-6), 
BarrierGuard™ 800  and ArmorGuard™ brands. The barrier segments are 
manufactured in lengths up to 12 m, which assists with speed of installation and 
increasing the bending stiffness by eliminating excess connections.  
 
Figure 2-6 Drawing of the proprietary portable steel barrier design, Vulcan™ 
(Baxter, 2005)  
In comparison to portable concrete barriers, portable steel barriers are designed 
to transmit the tensile and bending moment loads from the impacted segment, down 
the line of the barrier to other segments. The transmission of the impact bending 
moments between the barrier segments is achievable in part due to the low amount of 
allowed angular freedom between the segments, in particular the BarrierGuard™ 800 
and ArmorGuard™ systems. These systems, which are both manufactured by Barrier 
Systems Inc., have a joint mechanism that makes use of a double pin connector to 
reduce inter-barrier rotation. This design helps the barrier achieve a very low 
maximum dynamic deflection of 1.00 m for test 3-11 of Report 350 (Baxter, 2004a).  
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The success of the lightweight, portable steel road safety barriers can be linked 
to their ability to transmit tensile and bending loads through an array of barrier 
segments.  The distribution of the load across multiple segments allows for the 
kinetic energy of the vehicle to be dissipated through the displacement of a large 
number of barriers and through the as elastic deformation of the barrier system. The 
continuous nature of the barrier installation means that any deformation of the barrier 
system will be gradual, reducing the propensity for high rates on deceleration and 
encouraging a relatively low exit angle.  
 
Figure 2-7 Drawing of the male double pin joint connector of the BarrierGuard™ 
800 (Baxter, 2004a) 
2.1.2.3 Water filled road safety barriers 
Another type of portable road safety barrier that is commonly used on 
roadways is a water filled, plastic road safety barrier. There are many proprietary 
designs of water filled barrier which have been tested and assessed to meet the 
requirements for both TL-2 and TL-3 of NCHRP Report 350. Water filled barrier 
systems are generally made of a series of individual water filled plastic shells, which 
are manufactured using a certain grade of polyethylene. These individual units are 
joined together via a connection mechanism to provide protection for a given length 
of roadway. Once the barriers have been installed in place, they are then filled with 
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the requisite amount of water, which acts as a ballast to increase the inertial mass of 
the system.  
During vehicular impact, the majority of water filled barrier systems absorb the 
kinetic energy of the vehicle via displacement of the impacted and adjacent barriers 
and the sloshing of water within the plastic shell. In a properly designed system, the 
deformation of the barrier array will form a slight curvature which will safely 
redirect and errant vehicle in accordance with the relevant standards. This section 
will describe a number of important existing water filled road safety barrier designs, 
focussing on the design of the system and how the design affects the impact 
performance and the functionality of the barrier 
One of the first water filled road safety barriers to achieve any level of 
acceptance with NCHRP Report 350 was the Guardian 350 barrier (also known 
commercially as the Roadguard and MB-350 Barrier) which has been shown to meet 
the requirements of TL-3 (Poston, 1995). An individual Guardian 350 barrier 
segment was manufactured from low density polyethylene, measuring 1830 mm long 
and 1030 mm in height. In order to achieve the required level of flexural stiffness, an 
external steel frame is mounted onto each unit, consisting of two 2 inch ANSI steel 
pipes which transverse the barrier length, attached to the barrier via a 3 inch wide 
steel strap and cable system. Connection between barrier segments is arranged by a 
tongue-and-groove slot system on the plastic shell, with a structural connection being 
made through a 2 inch tube connector fitted to the mounted steel frame (Figure 2-8). 
Although this connection mechanism greatly increases the flexural rigidity, the 
tolerance for angular freedom during installation is minimised. In a road work site, 
this lack of angular tolerance may make the Guardian 350 barrier system difficult to 
install. An empty individual barrier segment ready installation has a mass of 125 kg 
and requires 700 litres of water for ballast.    
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Figure 2-8 Drawing of the mounted frame and connection detail of the Guardian 350 
barrier system (Poston, 1995) 
A water filled road safety barrier of note is the range of Triton barrier 
developed by Energy Absorption Systems, Inc. The Triton barrier system can be 
considered to be the most commercially successful design in use in Australia and the 
United States, and has been assessed in different forms to satisfy the requirements of 
TL-1, TL-2 and TL-3 of Report 350 (Horne, 1998). The barrier systems features 
individual barrier segments 1981 mm long, 533 mm wide and 813 mm in height. The 
barrier shell is roto-moulded with low density polyethylene (LDPE), and features an 
internal galvanised, steel frame which supports the shell and increases the flexural 
rigidity of the segment. A galvanised steel cable is mounted on the top section of the 
barrier, linking the two connection ends of the barrier segment in tension. The barrier 
segments are linked via a vertical, knuckled joint which are interlocked via a steel 
pin, 2 inches in diameter, which is looped through the steel cable on the top of the 
barrier.  
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Figure 2-9 Design of Triton barrier (sans TL-3 pedestal) featuring LDPE shell, steel 
frame, connecting pin and tension cable (Krage, LaTurner, Thompson, & Welch, 
1995) 
The joint connection of the Triton barrier offers a modicum of angular freedom 
between adjacent units (9.7°), which allows the barrier to be installed with a 
minimum radius of 11.3 m, although this angular freedom in the connection can 
allow for excessive barrier displacement during a vehicle impact. This excessive 
displacement can lead to the errant vehicle being completely arrested within a line of 
barrier, an unsafe impact mechanism which is known as pocketing (Figure 2-10). 
While the pocketing of a vehicle can is allowable in NCHRP Report 350, the updated 
MASH evaluation criteria explicitly rule that the impacting vehicle must exit the 
barrier installation via an exit box condition (American Association of State 
Highway and Transportation Officials, 2009). This has the effect of invalidating any 
tests where the vehicle is arrested via the pocketing mechanism.  
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Figure 2-10 Pocketing observed in Report 350 test 1-11 for Triton TL-1 barrier 
(Nicol, 2008) 
An empty Triton barrier has a mass of 64 kg and requires 550 litres of water for 
ballast. A standard barrier segment is approved to TL-2 level, and can be upgraded to 
TL-3 rating by attaching two LDPE pedestals using a galvanised steel strap, which 
raises the barrier by 175 mm. The Triton barrier has also been assessed to meet the 
evaluation criteria of non-redirecting end treatment according to NCHRP Report 
350; this makes the installation process much easier and quicker for a contractor. 
Energy Absorption Systems Inc. also offers a number of compliant transitions 
systems for linking an array of Triton barriers to a number of permanent barrier 
systems, including W-beam guardrails and permanent concrete barriers.  
The commercial success of the Triton barrier can be linked to a number of 
design elements and functionalities of the system.  Primarily the added flexural 
rigidity of the internal steel frame greatly reduces the maximum working width of the 
barrier system (5.8 m for test 3-11), which decreases the space required by the 
barrier. The system’s ease of transportation and installation, in addition to its ability 
to function as its own end treatment, reduces the operating costs of the barrier and 
increases its reputation with installation contractors.  
The Guardliner barrier is a composite polyethylene and steel barrier which 
features an externally mounted W-beam guardrail along the length of a barrier 
installation. The design consists of individual barrier segments 2000 mm long, 960 
mm high and 600 mm wide at the base, which when empty weigh 50 kg (Baxter, 
2004b). In order to meet the requirements of TL-2, the barrier must have mounted to 
it a 2000 mm long AASHTO standard W-beam M 180 rail (American Association of 
State Highway and Transportation Officials, 2011), which is offset with a galvanised 
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steel bracket, and needs to be filled with a water ballast of 580 kg (Figure 2-11). The 
barrier segments are linked together via both the connection points of the W-beam 
rail, two horizontally inserted 30 mm diameter steel pins and two steel hinges. While 
this connection system results in relatively low working widths (3.00 m for test 3-
11), it results in relatively low angular freedom during install and, when combined 
with having to install the W-beam rails on site, results in a cumbersome installation 
procedure for contractors. While the Guardliner barrier has relatively little market 
penetration in the United States, a modified version of the design is commonly seen 
around Australian worksites. Barron and Rawson, the Australian company who 
originally designed the barrier, markets the Roadliner 2000S barrier, which is 
essentially the Guardliner barrier with the W-beam rail removed. The Roadliner 
2000S barrier has been evaluated to meet the requirements of TL-0 of AS3845:1999 
(Burbridge, 2011). 
 
Figure 2-11 Design of Guardliner barrier featuring W-beam rail and linkage bracket 
(Baxter, 2004b) 
An interesting design of portable water filled road safety barrier is the Sentry 
Cable Barrier. Developed by TrafFix Devices Inc., the barrier systems is composed 
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on individual barrier segments measuring 1830 mm long, 1070 tall and 570 wide, 
which have an empty mass of 75 kg, and requires 900 kg of water ballast (Figure 
2-12). The system has been shown to meet the requirements of TL-2 and TL-3 
(Nicol, 2009). In contrast to other commercial designs, the Sentry Cable barrier 
constructed using a high density polyethylene shell and, in order to provide tensile 
support under impact conditions, features four galvanised steel wire ropes which link 
together opposing connections ends of a barrier segment. Individual barrier segments 
are linked together with a vertically aligned knuckle and single pin system.  
Upon impact of an errant vehicle the HDPE shell any impacted barriers 
ruptures catastrophically, dispersing the ballast water. This leaves the installation to 
act as a WRSB installation, although no point of the barrier system is fixed to the 
ground and available tension in the wire ropes is limited by the effective mass of the 
installation. This impact behaviour combined with the large amount of free angular 
deflection allowed between adjacent barriers (~13°), means that an impacting vehicle 
experiences very high levels of roll, pitch and yaw, and that the system has a high 
propensity for pocketing. In addition, the rupturing of the HDPE shell and ejection of 
the water ballast leads to large amounts of debris being scattered around the impact 
zone, which is noted to be a potential hazard to road users and workers (Nicol, 2009).  
 
Figure 2-12 Cutaway section of an individual Sentry Cable Barrier (Nicol, 2009) 
A summation of portable water filled road safety barriers which have been 
accepted to meet the requirements of NCHRP Report 350 can be found in Table 2-2. 
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The table has the majority of water filled barriers which have been approved for use 
by the United States Federal Highway Authority and details some of the important 
points of each barrier.   
Product 
name 
Highest 
testing 
level 
Empty 
mass 
(kg) 
Ballast 
(kg) 
Dimensions
(mm) 
Joint 
method 
Reinforcem
ent Note 
Guardian 
350 TL-3 125 700 
1981/813/6
10 
Horizontal 
tube & pin 
External 
steel tubing 
First barrier 
compliant 
with Report 
350 
Triton TL-3 64 550 1830/1030/813 
Vertically 
aligned pin 
Internal 
galvanised 
steel frame 
Most 
successful 
commercial 
barrier 
Guardliner TL-2 
50 
(plus W 
beam 
rail) 
580 200/960/600 
Double 
horizontal 
pin and W-
beam 
Externally 
mounted 
W-beam 
 
Sentry 
Cable 
Barrier 
TL-3 75 900 1830/1070/570 
Vertically 
aligned pin 
Internal 
steel cables 
(tension) 
Rupture on 
impact 
426 Barrier TL-2 54 + 32 350 2000/890/650 
Vertical pin 
and 
horizontal 
strip 
Impact strip 
(plastic and 
steel) 
 
Yodock 
2001M TL-3 36 380 
1829/1170/
280 
Pipe 
connection 
and 
moulded 
walls 
Internal 
baffling and 
external 
longitudinal 
steel pipes 
TL-3 version 
no longer 
sold, TL-2 
available 
SB-1-TL TL-3 75 760 2146/1067/610 
Connection 
between 
external 
pipes 
External 
aluminium 
pipes, with 
threaded 
steel cables 
Unavailable 
commercially 
at this time 
Table 2-2 Table of details of water filled barriers accepted to meet requirements of Report 350 
(NCHRP, 1993) 
It can be frequently seen on road ways that portable water filled road safety 
barriers have potentially been incorrectly installed or installed in an ineffective 
manner. Potential examples of such installation issues include insufficient amount of 
water ballast, improperly assembled joining mechanism, incorrect barrier design for 
road conditions, using barrier segments as a channelizing device and using non-
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barrier devices as a barrier. It is therefore important that any portable road safety 
device is designed with the installation procedure in mind. A joining mechanism 
should be easy and straight forward for workers to assemble, a barrier should not 
have too many individual components needed for installation and the installation 
procedure should be well documented for contractors. The most successful designs 
of portable water filled road safety barriers can generally be seen as those which 
most closely achieve the above goals, although there is anecdotal evidence that even 
the best designed barrier still can suffer from improper installation.  
2.1.2.4 Summation of road safety barriers 
To provide safety for all road users and road workers, a number of road safety 
barrier systems must be available for use for a variety of road way environments. 
Different barriers may be suitable for different locations for a number of different 
reasons including price, required working width, whether the barrier is permanent or 
temporary and the shape and finish of the road surface. 
For high speed roadways (including freeways and highways), permanent 
concrete road safety barriers are preferred as they minimise the chances of an errant 
vehicle crossing the median into incoming lanes or being redirected back into traffic, 
while minimising the area required for the barrier installation. As this is a relatively 
expensive option, where a larger working width can be accommodated, a wire rope 
safety barrier installation may be opted for. Guardrails (predominately W-beam 
guardrails) are commonly seen on lower speed roadways and where the installed 
barrier is required to conforming to a sloped and curved geography.  These 
permanent barrier systems primarily work via the redirection of an errant vehicle and 
the reduction the velocity of the vehicle via plastic deformation of the vehicle. Wire 
rope barriers and guardrails also are able to absorb some of the kinetic energy of the 
vehicle as deformation energy in the barrier installations.  
Portable road safety barriers are generally used where the requirement for road 
side protection is temporary. A typical scenario may be where construction works are 
occurring on an existing road way or where a new road way is being constructed. A 
typical portable road safety barrier is constructed from a series of identical barrier 
segments which are linked together via a joining mechanism in order to transmit 
impact loads across an installation. Portable concrete barriers are essentially 
segmented versions of a permanent concrete barrier which are not fixed to the 
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ground. They have extensive issues with transport, installation and vehicle occupant 
safety; however they can be an inexpensive option for contractors and have low 
working widths. Portable steel barriers are a relatively new invention and offer good 
safety outcomes for road users and road workers, and are easy to transport. 
Depending on the details of the installation site, steel barriers can be expensive and 
they are not suitable for all road surfaces. Some designs of concrete and steel 
portable road safety barriers meet the requirements of TL-3 and TL-4 of NCHRP 
Report 350. 
Water filled portable road safety barriers are primarily used around roadside 
work sites. In general, an individual water filled barrier segment is constructed from 
a polyethylene shell, which features some form of internal or external reinforcement 
in order add extra strength and rigidity in either tension of bending, with water 
ballast added to increase the inertial mass of the system. In order to form a protective 
barrier, individual segments are linked together via a connection mechanism and are 
filled with water to a prescribed level. Some commercial designs of water filled 
barriers have been assessed to meet the requirements of TL-3. A number of existing 
designs have been shown to capture an errant vehicle via pocketing, and mechanism 
which will make the designs ineligible for certification under MASH. A portable 
water filled barrier has to have enough tensile and flexural stiffness in order to safely 
absorb impact loads and to be able to transmit the loads from impacted barrier 
segments to adjacent barriers.  
A key design factor for portable, water-filled road safety barrier systems is the 
competing requirements of the joint connection; a joint requires a certain amount of 
angular freedom so that a barrier system can be properly installed on slight road 
curves (vertical and horizontal) however, once installed, a joint should allow for as 
little angular freedom as possible in order to fully engage with adjacent barriers, so 
that impact loads can be transmitted. Choice of construction materials is also very 
important. Any materials used need to be capable of retaining its structural integrity 
and properties in an outdoor environment and exposure to water. The choice between 
LDPE and HDPE is also important; LDPE is commonly used due to its ductility, 
while HDPE increases the stiffness of the system.  
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2.2 FINITE ELEMENT MODELLING OF ROAD SAFETY BARRIERS 
2.2.1 History 
Finite element (FE) packages have long been used as part of an engineering 
solution to a wide range of industrial problems. The road safety industry has 
benefitted immensely through the use of FE package over the last two decades due to 
the increase in computing power and functionality of FE packages themselves. This 
section will briefly describe and detail the use of the finite element method (FEM) in 
the road safety industry, specifically FEM use to study road safety barriers. 
 Traditionally, the evaluation of roadside hardware has been performed via the 
analysis of full scale experimental testing. Due to their nature and their scale, these 
experimental tests can be both time consuming and prohibitively expensive. 
Therefore when experimental testing is performed, it becomes ideal to attempt to 
minimise the number of tests that a required understand the behaviour and capacity 
of the system being assessed. Hence the behaviour of a road side appurtenance may 
be determined based on the data from one or two full scale tests.  
There are a number of apparent drawbacks associated with this limited 
schedule of experimental testing. The performance of any road side device can be 
influenced by a number of small yet important factors in the experimental process. 
Simple and minor changes to the design of a road safety system can have a drastic 
effect on the system’s capabilities. For instance changes in the system’s geometry, 
construction materials and manufacturing variability can greatly impact its 
performance. Thus relying on a limited number of experiments can lead to a poorly 
optimised, yet functional design.  Similarly, experimental variables, including 
impacting vehicle’s speed, angle, and road condition, can have a significant effect on 
the response of the system during impact in an experimental setting, yet have no 
intrinsic effect on the efficacy of the road safety system.  
NCHRP Report 350 contains a number of standardised tests for assessing the 
capability of road safety barriers. The report also contains a number of suggestions 
and methods for trying to eliminate the experimental error that is inherent with these 
tests and the data measurement. Due to the experimental difficulty in conducted these 
tests, including the very significant costs and time required, manufacturers and 
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researchers have always investigated the use of finite element analysis (FEA) in the 
analysis of road safety barriers. 
A large number of studies are available in the literature which includes the use 
of FE modelling as a tool either in understanding or improving the performance of 
road safety systems. A typical study will feature an experimental test of a road safety 
system to assess the base performance of the system. The system will then be 
modelled using a host of FE techniques, and then the results of the FE simulation 
will be compared against the experimental data in order to assess the validity of the 
FE model. This FE model can then be used to improve the system response by 
altering isolated design variables in a parametric study. A typical study may be 
interested in varying the geometry or manufacturing materials of a road safety device 
in order to reduce the deceleration of an impacting vehicle or reducing the effective 
working width of the system. Figure 2-13 shows how a LS-DYNA model of a road 
safety device achieves validity through early parts of the impact and then finds its 
response well outside the acceptable range after the peak deceleration.  
 
Figure 2-13Time history comparison of experimental and simulated accelerations 
during an impact, against the acceptable error residuals (Ray, 1996) 
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An early study into the possibility of using FEA to study road safety systems 
was performed by (Ray, 1996). The interest in this paper was to determine the 
usefulness of using full-scale crash tests in order to validate a FE simulation of the 
crash test. Of prime consideration was the repeatability of the experimental 
measurement and which metric should be used in the validation process. It was 
suggested that rather than assessing the simulation based on absolute errors, that a 
valid simulation should residual errors should be less than a fixed percentage of the 
maximum experimental measurement. For example, it was suggested in the case of a 
small vehicle impact into a rigid pole at 32 km/h the residual error of the acceleration 
should be less than 5% of the peak experimentally measured value.  
After failing to meet the requirements of NCHRP Report 350 at Test Level 3 
and only marginally passing through Test Level 2, an FE model validation study was 
performed by Martin and Wekezer (1998) of a weak post, W-beam guardrail, so that 
the FE model could be used to hasten the improvement of the guardrail design. The 
study detailed the modelling of the geometry, materials and contacts of the guardrail 
within LS-DYNA, as well as the efforts made to simulate the boundary conditions of 
a TL- 3 experiment without the complexity of the simulating an actual vehicle. While 
the model accurately simulated the minimum and maximum decelerations, maximum 
displacement and general path of the vehicle, objective measurements of the 
simulation’s validity were mixed. This study is one of the earliest examples of the 
use of explicit dynamic FE code in the analysis of a road safety barrier system. 
Experimental full scale testing of the New York portable concrete road safety 
barrier (NYPCB) design showed that in failed to meet the requirements of NCHRP 
Report 350. Analysis of the high speed recording and of the NYPCB post impact 
showed that the cause for failing test 3-11 (Figure 2-1) was the inadequate welding 
methods used on the I-beam used in the connection. In order to assess the effect that 
a properly welded I-beam would have on the behaviour of barrier (Atahan, 2006) 
create a FE model of the NYPCB for simulation within LS-DYNA. The concrete 
within the barrier was made using solid elements and a rigid material formulation, 
while the steel strapping and I-beam were modelled using shell elements and 
deformable material formulation. The algorithms and model used to model the weld 
were based on the work of Abu-Odeh, Bligh and Hamilton (2003). The model proved 
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very accurate in simulating the general path of the vehicle and also the failure of the 
welded joints (Figure 2-14). 
 
Figure 2-14 Comparison of simulated and experimental vehicle impact paths for a 
test 3-11 of NCHRP Report 350 (Atahan, 2006) 
Once the validity of the model was established the depth of the welds was 
increased and the simulation was performed. The welds in this simulation did not fail 
and hence the chain of barriers stayed intact. Based on the findings of this these 
simulations, test 3-11 of NCHRP Report 350 was performed with the improved weld. 
The simulation proved accurate in having the exit speed with 1 km/h of the 
experimental result and the angle of exit less than 1° away from the experimental 
measurement.  
There have been many more studies into the behaviour road safety 
appurtenances using the FEA as an engineering tool, and in particular the LS-DYNA 
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solver (Plaxico, 2002) (Bonin, Cantisani, & Loprencipe, 2004)  (Vesenjak & Ren, 
2003) (Elmarakbi, Sennah, Siriya, & Emam, 2006) (Anghileri, Castelletti, Milanese, 
Pirola, & Pistochini, 2007). The majority of these studies are involved with either a 
fixed safety system (e.g. guardrails) or with semi-rigid structures (e.g. portable 
concrete barriers). There is a lack of studies dealing with non-fixed deformable road 
safety systems.  
2.2.2 Important principles of the finite element method 
This section will detail the open literature on the important principles of using 
FE to simulate polymeric foams and portable water filled road safety barriers. These 
principles will be applied in Chapter 3:, Chapter 5: and Chapter 6:. 
2.2.2.1 Linear and non-linear response 
Any structural response of a system will be either linear or non-linear. A linear 
system features a response proportional to the loads applied to the structure. A true 
linear structural response is generally restricted to applications of relatively low load 
applied gently for short periods. The majority of real world structures have a non-
linear response to applications of load, with a linear structural analysis only serving 
as an efficient approximation of the structure’s behaviour. Nearly all road safety 
systems will have a non-linear, dynamic response and hence non-linear FE will be 
the focus of this literature review and the analysis performed in this thesis.  
In any non-linear analysis, there are three possible types of non-linearity; 
material non-linearity, boundary condition non-linearity and geometric non-linearity. 
A material non-linearity occurs whenever the stress-strain relationship of the material 
is altered due to the application of load, such that the stiffness of a material is 
affected. This change is stiffness can be caused by a number of properties of the 
material, including post yield strength behaviour, strain-rate dependence or hysteresis 
in the unloading of the material. A boundary condition non-linearity occurs when the 
application of load is altered due to the behaviour of the system. This can be 
illustrated by a dynamically varying load or by an impacting load.  A geometric non-
linearity occurs when the magnitude of the displacement of the structure affects 
either the stiffness of the structure or affects the application of the structural loads.  
The response of non-linear system cannot be determined by solving a set of 
Hookean equations to determine the system response like linear system, rather it 
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requires that the load be applied in an incremental manner. As the load increments 
are applied, the structures response is also incrementally determined, and by iterating 
this process the response of the structure with the full load applied can be 
determined. In order to determine whether each load step has an accurate response, 
most implicit FE packages will use the Newton-Raphson integration method, which 
will compare the incremental load step and nodal displacement to the structural 
stiffness, to ascertain if the calculated residual errors are below a predetermined 
acceptable level. 
2.2.2.2 Explicit and implicit analysis 
An important consideration for any engineering analysis of a structure is to 
determine whether the systems behaviour is a function of time. Realistically all real 
world responses of structures are functions of time, yet in a significant portion of 
studies it is valid to approximate the system response as being time independent.  
However in other analyses the time dependency of the structures response to a load is 
significant enough to merit performing a time dependent analysis. A dynamic FEA 
problem will feature incremental time steps, in which the structure will respond to 
incremental changes to the load on the system. The method used to calculate the 
magnitude of the incremental time step, and hence what algorithms are used to 
calculate nodal displacements and the structural response, can be categorised into 
two methods; implicit method and explicit method.  
The implicit method has no upper limit on the size of the time step to be used, 
and hence can calculate the response of the system in relatively few steps if the 
system has an approximately linear response. An implicit FEA simulation will make 
use of the Newton-Raphson integration method described in the previous section. 
Due to the computational cost Newton-Raphson integration method and the inversion 
of the stiffness matrix needed to determine nodal displacements, each iteration can 
take a significant time to be accurately computed. This is particularly of concern 
when simulating a system which contains a large number elements, as each nodal 
degree of freedom increases the size of the global stiffness matrix, increasing the 
computational cost of the inversion process. 
The explicit method makes use of the natural frequency of the system to 
determine an upper limit on the time step. This upper limit on the time step, known 
as the Courant-Friedrichs-Levy (CFL) limit, is generally quantified by the stiffness 
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properties of the material and the geometry of the FE mesh. The CFL time step is 
implemented in LS-DYNA for solid elements using the following equations: 
	 Δݐ ൌ ܽ.min	ሺΔݐଵ	, Δݐଶ, Δݐଷ ……Δݐே	ሻ		 Eq.		2‐3	
	 Δݐ௞ ൌ ௅ೖቀொାඥொమା௖ೖమቁ		 Eq.		2‐4	
	 ܮ௞ ൌ ୴ౡ୅ౡ,ౣ౗౮		 Eq.		2‐5	
where vk is the volume of element k, Ak,max is the area of the largest side of 
element k, Q is a modifier for when the element is in compression with bulk 
viscosity, ck is the speed of a stress wave in element k, N is the number of elements in 
the simulation and a is a limiting coefficient for the global time step (given a value of 
0.9 by default) (Hallquist, 2006a). A typical CFL time step limit for a road safety 
simulation is in the order of 10-6 seconds, dependent on the materials used and the 
resolution of the FE mesh, meaning that simulation of a one second period can 
require up to one million iterations to solve completely. An explicit analysis will use 
the central difference time integration method to calculate the nodal field variables 
(i.e. accelerations of nodes in a structural analysis). In order to make an efficient 
simulation, the user must be aware of the CFL limit and should endeavour to 
construct a mesh which delivers a consistent CFL limit for each element. 
A diagonally lumped mass matrix of the system is inverted to determine the 
accelerations of each node in the simulation, which does not require a simultaneous 
set of equations to be solved. The nodal accelerations are determined only by the 
mass of the node and by the net forces applied to the nodes. With the acceleration of 
a node being determine at the end of the previous iteration, nodal velocities and 
displacements can be simply integrated knowing the time step. As the program does 
not need to iterate to determine the nodal kinematics, the displacements of the nodes 
at the end of each iteration can be explicitly based on the acceleration at the 
beginning of the iteration. 
2.2.2.3 Finite element formulation 
LS-DYNA features a large and varied number of finite element formulations 
which allow the user to model and simulate an array of problems, including 
structural, computational fluid dynamics, heat transfer and electromagnetic problems. 
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It is important for the user to understand the element formulations, as elements will 
differ in their computational efficiency, structural capabilities and degrees of 
freedom. 
Solid elements are a group of finite elements which have three geometric 
dimensions and can be used to model a three dimensional structure without having to 
make any geometric simplification. Solid elements are generally used to model a 
structure where the geometry in all three dimensions is significant in the behaviour of 
the structure. This has an added benefit of allowing boundary conditions and 
structural properties to be more realistically calculated (Erhart, 2011).  
For this thesis, two particular hexahedral solid element formulations were 
considered; an under-integrated element with constant stress and an element with 
selectively reduced integration. The under-integrated element (Figure 2-15 (a)) is the 
most commonly used element for impact analysis in LS-DYNA. It has a single 
integration point for calculating the constant stress of the element. As the element is 
heavily under-integrated, it requires hourglasses stiffening to prevent the formation 
of zero energy modes. This element formulation is heavily used as it generally 
provides accurate and computationally efficient results. The second formulation 
features a 2x2x2 reduced integration scheme. While this element does not require 
artificial hourglass stiffening and handles volumetric strains efficiently, it can 
become prone to shear locking, where a spurious artificial shear stress is calculated 
under bending and results in an overly stiff response. In this thesis, solid elements are 
used for model the polymeric foams. 
Shell elements are two dimensional elements with no geometric thickness. In 
order to be used in a three dimensional FE simulation, the shell element has to have a 
formulation which will contain a definition of the element’s thickness so that the 
geometric shape of the element can be determined. A shell element is usually of use 
when the smallest dimension (i.e. the thickness) of the body is less than 1/10 of the 
“characteristic” length of the body. The stress within a shell element is determined at 
the integration points. The number of integration points, which are geometrically 
located at the centre of the element, is specified by the user. For an elastic shell 
element, only two integration points are required, however to calculate a non-linear 
response, a minimum of three integration points is required. To accurately calculate a 
non-linear plastic response for a shell element, it is recommended that a minimum of 
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five integration points are used (Livermore Software Technology Corporation, 2012).  
In this thesis, shell elements are used to model the plastic outer shell of the barrier 
and the internal steel frame.  
 
Figure 2-15 The single integration point, constant stress element (a) (Erhart, 2011) 
and the Belytschko-Lin-Tsay shell element with integration points (Hallquist, 2006b)  
LS-DYNA features a large number of shell element formulations, many of 
which a general purpose formulations. The most frequently used is the Belytschko-
Lin-Tsay shell (Belytschko, Lin, & Tsay, 1984) (Figure 2-15 (b)). The element is 
based on combined co-rotational and velocity strain formulation. The co-rotational 
nature of the element circumvents non-linear mechanics that may otherwise occur 
due to rigid body rotation of an element, as the element contains an embedded 
coordinate system. The velocity-strain portion of the element allows for efficient 
calculation of the constitutive behaviour of the element. The combination of these 
two properties within the constitutive equations of the Belytschko-Lin-Tsay, that 
make the formulation the preferred formulation for most analysis is LS-DYNA 
(Hallquist, 2006a).  
2.2.2.4 Hourglass control 
Whenever an under integrated element is used, there is a possibility that 
spurious zero energy modes, known as hourglass modes, will appear in the mesh. 
These undesirable hourglass modes will often have periods which are much shorter 
than that of the structure’s natural period, and can hence have a major effect of the 
behaviour of the system. A single integration point solid element will have 12 
possible zero energy hourglass modes (i.e. four in each dimensional axis), which can 
be seen in Figure 2-16. In order to prevent undesirable hourglass modes from 
developing, an hourglass stiffening algorithm can be implemented in under 
integrated elements. The two primary categories of hourglass control are stiffness 
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and viscous forms, where elastic spring or viscous dampeners are selectively added 
to the element to prevent the formation of anomalous modes. Since the hourglass 
deformation modes are orthogonal to elemental strains, work performed by hourglass 
control is not calculated in the global energy balance, which can lead to system 
energy loss. Work performed by hourglass control can be measured within LS-
DYNA and is considered negligible if it is less than 5% of the total deformation 
energy (Hallquist, 2006a).   
 
Figure 2-16 The four hourglass modes of a solid element in the x-axis (Belytschko, 
Ong, Wing Kam Liu, & Kennedy, 1984) 
The suggested hourglass control formulation for use with solid element is one 
developed by Belytschko and Bindeman (1993). This model determines the 
magnitude of the hourglass stiffening forces based purely on the geometry of the 
element and the material stiffness. The use of this hourglass control scheme with the 
single integration point solid element is found to be more computationally efficient 
and more robust than using the 2x2x2 reduced integration element. This formulation 
is also available and recommended for shell elements with reduced integration 
schemes (Hallquist, 2006b).  
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2.2.2.5 Smooth particle hydrodynamics 
A relatively new numerical modelling technique to arise in impact engineering 
over the past few decades has been smooth particle hydrodynamics (SPH). SPH was 
originally developed by Lucy (1977) as a finite size particle scheme for simulating 
two and three dimensional astronomical gas problems. It has since further been 
developed to avoid some traditional problems associated with the FE method, 
including extreme deformations and mesh entanglement with highly distorted 
materials. In contrast to the approach of the FE analysis, SPH does not contain a grid 
and is hence considered a mesh free technique. Since there is no mesh to link them, 
the particles (or nodes) themselves become the basis of the computational function 
that determine the behaviour of the system (Hallquist, 2006a). 
The numerical approximation of an SPH node comes in the form the equation: 
 Π୦݂ሺݔሻ ൌ ׬݂ሺݕሻ .ܹሺݔ െ ݕ, ݄ሻ݀ݕ		 Eq.		2‐6	
W is defined as the kernel (or weighting) function, and is defined as: 
 Wሺݔ, ݄ሻ ൌ ଵ௛ሺ௫ሻ೏ ߠሺݔሻ		 Eq.		2‐7	
where d is the number of spatial dimensions, h is the smoothing length of the particle 
and ߠሺݔሻ is a distribution function. W is designed to be centrally peaked at the 
location of the particle, and ߠሺݔሻ is generally a cubic spline function to give the 
weighting function shown in Figure 2-17 (where the units of the x-axis is the 
smoothing length, h). 
 Chapter 2: Literature Review  45 
 
Figure 2-17 The kernel function, W, of a SPH particle (Hallquist, 2006a) 
The form of the constitutive equations of SPH means that only very minor 
manipulations have to be made to introduce deviatoric stress and momentum, which 
make SPH an ideal candidature for use in a structural, explicit code. A number of 
important stability and computational improvements have been applied to the SPH 
method, and by the mid-1990s SPH was being used to analyse high deformation, 
structural and  mechanical problems such as blast loading, fracture and fragmentation 
(Randles & Libersky, 1996). 
As it is formulated in LS-DYNA, SPH can be used to model both solid of fluid 
flow problems. The smoothing length is dynamically calculated by LS-DYNA by 
determining the largest minimum distance between two particles at each time step. 
This distance is then multiple be a factor determined by the user, which typically has 
a value of 1.2. A sorting method is used for SPH particles whereby the solver 
searches at the beginning of every iteration and partitions the particles into groups 
(buckets) which can then only interact with particles in their bucket or the 
neighbouring bucket. This has the effect of making the calculation process more 
efficient and providing reasonable domains for use in parallel computing (Hallquist, 
2006a). Coupling SPH with the FEM method is easily achieved in LS-DYNA using 
nodes to surface contacts (De Vuyst, Vignjevic, & Campbell, 2005). It is 
recommended that no less than one particle per contact element is used when 
coupling FE and SPH together.  
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Many researchers have used SPH formulations within LS-DYNA to model 
specific applications. Many of these situations involve extreme deformations, 
fracturing of solids and impacts of fluids. In producing an improved SPH-FE 
coupling formulation for use in LS-DYNA, De Vuyst et al. (2005) producing a 
produce three different types of simulation Figure 2-18; a split bar impact (a), a rigid 
bar impacting into water (b), and a perforation of a plate with a projectile (c). The 
split bar simulation produced a stress wave with good correlation with the analytical 
answer, while the latter two simulations produced results which had less than 7% 
error or their relative indices (acceleration and exit velocity, respectively). These 
simulations proved the validity of the new coupling algorithm introduced in the 
paper, which is now an integrated contact formulation within the LS-DYNA solver. 
 
Figure 2-18 Three verified and validated simulations involving an updated SPH-FE 
coupling technique (De Vuyst et al., 2005) 
Chip formation in machining was studied by using SPH to model the blank 
(Chieragatti et al., 2008). The cutting forces predicted by the simulation were within 
30% of the experimental results. This error was associated with the lack of friction 
within the SPH blank during the formation of the chip, and it was suggested that this 
could be remedied using a more equation of state model in addition to the material 
model. The paper discussed two important facets in using SPH; renormalisation and 
bulk artificial viscosity. Renormalisation helps in ensuring stability and efficiency 
with a small smoothing length when there are drastic localised velocity variations 
(i.e. a boundary or disorder particles). Bulk viscosity is introduced in simulations 
when there is a need to smooth out shock waves for the sake of stability (Liu & Liu, 
2003). 
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In assessing the structural integrity of a fuel container of a helicopter during 
impact, Anghileri, Castelletti and Tirelli (2005) used SPH to model the fluid within 
the tank and FE to model the aluminium tank. The difference in stiffness between 
relatively rigid aluminium tank and the water led to instabilities with the model. 
These were remedied by decreasing the contact penalty factor for the contact, using a 
smaller reduction factor for the time step calculation and using a more stable material 
model for the tank. These changes did produce a much more stable simulation, 
although it did result in a near doubling of the required CPU time. In comparison to 
the Eularian and arbitrary Lagranian-Eularian models (moving mesh FE 
formulations) used, the SPH produced a more accurate representation of the fluid 
sloshing as well and more accurate values relating to the tank crushing.  
2.2.3 Computational verification and validation 
In order for any model of a physical system to be considered an accurate and 
credible representation of the system’s behaviour, the model must undergo a process 
of verification and validation. Though frequently used interchangeably, these two 
terms define two very different concepts that, when used in conjunction with one 
another, are an endorsement of the model’s mathematical and physical fitness. 
The American Society of Mechanical Engineers (ASME) (2006) published an 
instructive guide on the verification and validation of computational solid models. In 
the document, the development of a computational model is begun with a conceptual 
model. The conceptual model is defined as “the collection of assumptions and 
descriptions of physical processes representing the solid mechanics behaviour of the 
reality of interest from which the mathematical model and validation experiments 
can be constructed”. For example, a conceptual model of a portable, water-filled 
road safety barrier during impact may be a thin-walled LDPE closed container, 
partially filled with water and impacted into in a narrow region by a rigid body. 
From the conceptual model, boundary values, initial conditions, mathematical 
equations and modelling data can be applied to create the mathematical model. In the 
water-filled barrier example, the mathematical model would include material 
formulations of the LDPE and water, constitutive formulations of the shell elements 
and SPH particles, gravity and the velocity and mass of the impacting body.  
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The computational model of a system is the numerical implementation of the 
mathematical model. This consists of the meshing and discretisation of the geometry, 
solution algorithms, specific outputs and convergence criteria. With the road barrier 
examples, this could involve specification of the solver type (e.g. implicit or 
explicit), FE meshing and SPH field discretisation. The conceptual, mathematical 
and computational models can be seen, along with the verification and validation 
activities in Figure 2-19. 
 
Figure 2-19 Computational modelling and verification and validation activities 
(American Society of Mechanical Engineers, 2006) 
The ASME document defines verification as “the process of determining that a 
computational model accurately represents the underlying mathematical model and 
its solution”, whereas validation is defines as “the process of determining the degree 
to which a model is an accurate representation of the real world from the perspective 
of the intended uses of the model”.  
Verification is divided into two separate processes: code verification and 
calculation verification. Code verification is the process of establishing confidence, 
through the collection of evidence, that a mathematical model is properly 
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implemented in the computational model. In most circumstances, the code 
verification process is in the domain of the software developer. Calculation 
verification is the process of establishing confidence, through collection of evidence, 
that the discrete computational model of the system is accurate. In contrast to code 
verification, calculation verification is the responsibility of the analyst who 
constructed the computational model. 
While the verification processes can be seen as internal assessments of the 
computational model, the validation process involves the external assessment of the 
computational model against experimental data (Figure 2-19). A subtle point to note 
in the verification and validation process is the concept of intended use. When a 
computational model is constructed, it is generally done so because experimental 
assessment of the system’s behaviour is not feasible. A computational model can be 
validated for an intended use if the experimental testing, which the model is 
validated against, is related to the model’s intended use, generally through similar 
boundary conditions.  
The ASME document also notes that when a computational model is validated 
for intended use, the underlying conceptual and mathematical models upon which the 
computational model was constructed are also considered valid for the intended use.  
2.3 ENERGY ABSORPTION OF POLYMERIC FOAMS 
Foam materials of all categories are increasing being investigated for use in 
impact mitigating devices. Owing to their relative light weight and high energy 
absorption capabilities, both metallic and polymeric have been investigated for use in 
a number of devices including protective structures for vehicles (Ahmad, 
Thambiratnam, & Tan, 2010) and fixed road safety barriers (Reid et al., 2003). 
Owing to their success in a range of devices, the energy absorption characteristics of 
polymeric foams are investigated in this section, while metallic foams are excluded 
on account of their increased density and cost. 
Polymeric foams are widely used in the automotive industry, civil engineering, 
packaging and transportation sectors due the desired compressive mechanical 
properties (Zaretsky, Asaf, Ran, & Aizik, 2012). The primary physical and 
mechanical characteristics of polymeric foams are the low density, typical three-
phased compressive response and strain-rate sensitivity. There are a number of 
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different types of polymeric foams, which are classified according to the method of 
manufacture and their base polymer. The foams that are principally used in energy 
absorption systems are expanded polyurethane (PU), expanded polystyrene (EPS), 
extruded polystyrene (XPS) and expanded polypropylene (PP). 
2.3.1 Physical properties 
All polymeric foams generally have the same form of compressive response, 
which can be seen in the stress-strain diagram in Figure 2-20. It can be seen in this 
graph that the compressive response of the polymeric foam - high density PU foam 
in this instance – contains three distinct phases: initial linear elastic region, plateau 
and densification region. The naming regime can often change for these regions, with 
the plateau often called the densification plateau, and the densification region often 
called the stiffening region. 
 
Figure 2-20 Compressive stress-strain diagram typical of polymeric foams (Avalle, 
Belingardi, & Montanini, 2001) 
The properties of the linear elastic region are dependent on the base polymer of 
the foam. The transition to the densification plateau occurs when the cell walls of the 
foam begin to collapse through buckling, plastic yielding and brittle fracture, 
dependent on the properties of the foam wall. This results in a large amount of 
deformation at a relatively constant compressive stress, allowing for a large amount 
of energy to be absorbed. Once opposing cell walls within the foam begin to touch, 
the compression of the foam enters the densification region, causing the stress to 
rapidly increase. The plastic and brittle damage that occurs in the densification 
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plateau and stiffening region results hysteresis in the non-linear unloading stress-
strain plot (Avalle et al., 2001).  
Foam details Compressive stress-strain response 
88 kg/m3 PU foam 
(Sherwood & Frost, 
1992) 
4.9 kg/m3 PP foam 
Specimen thickness 
of 50 mm 
(Zhang, Kikuchi, Li, 
Yee, & Nusholtz, 1998)  
61 kg/m3 EPS foam 
(Ouellet, Cronin, & 
Worswick, 2006) 
Table 2-3 Examples of rate-dependent compressive response of polymeric foam in literature 
The dependence of the compressive behaviour of polymeric foams on the strain 
rate can be seen in the three examples given in Table 2-3. Generally, the modulus of 
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the linear elastic region is relatively rate independent, while the stress required to 
transition from the linear elastic region to the densification plateau increases with 
increasing strain-rate. Behaviour at low strain-rates (i.e. less than 1.0/s) are generally 
examined using universal testing machines, with impact rates (i.e. greater than 100/s) 
being investigate using a Split-Hopkinson Pressure Bar (SHPB) (Ouellet et al., 
2006). Studies into the behaviours of polymeric foams at moderate strain-rates (i.e. 
between 1.0 and 100/s) are generally underrepresented in the literature, though 
occasional studies have been done using a drop tower. Drop tower and SHPB 
experimental tests do not have a fixed velocity during the compression, and hence 
the nominated strain-rate is generally an average, characteristic value.  
As discussed by Avalle et al. (2001) compressive results for EPS, PU, PP, 
ABS, olefinic and phenolic foams have all been reported, but the results are quite 
scattered. The response of polymeric foam is very dependent on a number of 
parameters including density, temperature and method of manufacture, and hence 
evaluation of the energy absorption of the foams is characterised by a high degree of 
empiricism. 
Polymeric foams have been used as energy absorbing material in numerous 
devices. EPS foams are frequently used protective helmets (Di Landro, Sala, & 
Olivieri, 2002) and as the filling of a thin-walled aluminium tube vehicular impact 
device (Ahmad et al., 2010), while PU foams have been used as a protective medium 
for the transportation of nuclear materials for over thirty years (Henry & Williamson, 
1995).  
An interesting and informative use of XPS foam has been as part of the road 
safety barriers used in many race tracks in the United States (Reid et al., 2003). This 
barrier utilises pyramid stacks of the XPS foam, the base of which is attached to a 
fixed, rigid concrete wall surrounding the track. Steel box-sections form a wall which 
is attached to the foam pyramids, forming the impact surface. Any impact into the 
barrier compresses multiple foam pyramids, allowing for an initially soft impact 
before the bending of the steel walls becomes the dominate impact behaviour (Reid 
& Bielenberg, 2008) 
 Chapter 2: Literature Review  53 
2.4 SUMMARY OF LITERATURE 
This chapter presented a review of the literature on all of the topics relevant to 
the testing, analysis and design of composite, portable road safety barriers. 
Investigation of the literature elucidated a number of points regarding the evaluation 
and functional behaviour of road safety barriers, as well as methods used to create 
computational models of the barriers during impact. The review also raised a number 
of gaps in the literature that are required to be filled in order to successfully achieve 
the desired goals of this research. 
While current international standards (e.g. AS3845 and MASH) provide 
functional methods for evaluating the performance of road safety barriers during 
vehicular impacts, these tests are not suitable during the design and development of 
the barriers. The literature does not provide any low-cost and time effective methods 
for the assessment of the functional effectiveness of road safety barriers, which in 
turn reduces the capacity for the industry to innovate and provide new designs of 
barriers. 
The FE method has proved useful for analysing fixed barriers and rigid safety 
devices, with numerous computational models being document which have been 
validated against experimental vehicular impact tests. The literature has no examples 
of validated FE based computational models of water-filled or deformable and 
portable barriers being used to investigate the performance of the barriers.  
The research presented in this thesis aims to address these two gaps in the 
current literature by: 
 Providing a computational and experimental framework for evaluating 
the impact performance of flexible road safety barriers. 
 Demonstrating the capability of a combined FE and SPH model to 
accurately represent the impact behaviour of water-filled, portable road 
safety barrier and to be used as a design and investigation tool. 
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Chapter 3: Experimental testing and 
development of numerical model 
for polymeric foams 
3.1 INTRODUCTION 
As introduced in Section 2.3, there has been very little assessment of polymeric 
foams as a possible energy absorption material in portable road safety barriers. The 
compressive response of many polymeric foams occurs at low and relatively constant 
stress levels  (Gover & Gudimetla, 2011), indicating that these foams may be able to 
reduce the severity of the initial deceleration of vehicle during an errant impact with 
roadside furniture. The use of polymeric foams as energy absorbing materials in 
impact conditions can be seen in many applications including the SAFER racing 
barrier (Reid et al., 2003) and in advanced designs of motorbike helmet (Di Landro 
et al., 2002). In these applications the polymeric foam has a major influence on 
impact responses and energy absorption; however such devices feature an essentially 
rigid surface, from which large reaction forces can develop.  
In developing a barrier which will make efficient use of polymeric foam as an 
energy absorbing material, it is imperative that the compressive response and energy 
absorption capabilities of the foam are well understood. The literature review in 
Section 2.3 showed that there is a wide body of research concerning the energy 
absorption characteristics and impact mitigation applications of polymeric foams. 
Expanded polystyrene foams have been used in helmet liners (Di Landro et al., 
2002), polyvinylchloride foams have been assessed for their use in composite foam 
building panels (Tagarielli, Deshpande, & Fleck, 2007) and polyurethane foams are 
frequently used as impact liners for hazardous materials (Li, Tam, & Liu, 2009). 
(Ozturk & Anlas, 2009), with investigations being performed the hydrostatic 
response of expanded polystyrene foam (Ozturk & Anlas, 2011a) and the use of the 
FE method to simulate expanded polystyrene foams (Ozturk & Anlas, 2011b).  
A reasonable deduction from the results of these studies is that, in certain 
applications, polymeric foams are structurally and economically effective in 
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mitigating impacts. Literature on the mechanical properties of extruded polystyrene 
foams is limited, with only quasi-static loading rate responses being assessed (Aktay, 
Toksoy, & Güden, 2006). In addition, studies of the existing literature show a 
significant level of variability of foam performance between nominally similar foams 
(Avalle et al., 2001). Studies of the strain-rate dependency of polymeric foams are 
generally limited to either very low rates (i.e. less than 0.5/s) or high impact strain-
rates achieved with a split Hopkinson pressure bar (i.e. greater than 200/s). It is 
expected that a polymeric foam implemented in the design of a portable road safety 
barrier is likely to undergo strain-rates up to 5.00/s.  
In light of the literature review, there is insufficient data available which can be 
used to properly assess the effectiveness of using a polymeric foam in a portable 
water filled road safety barrier. The literature revealed that a extruded polystyrene 
(XPS) foam extruded is the most suitable candidate foam for this application, based 
on its compressive properties, environmental stability and its use in existing road 
safety applications (Reid et al., 2003). 
The project requires a material model be created for use in an explicit FE 
simulation which can accurately simulate the response of the foam under impact 
loading, as expected during a vehicle impact. The experiments in this chapter have 
been conducted to determine the rate dependant response of extruded polystyrene 
foam and the cyclical response of the foam. In addition, the prototype barrier as 
presented in Chapter 4: contained polyurethane (PU), the properties of which were 
are yet unknown. This chapter presents the investigation into polymeric foams and 
details the following main points: 
1) The compressive response of extruded polystyrene foam and its cyclical 
response at low and moderate strain-rates. 
2) Development of a suitable material model and element formulation 
used to simulate the compressive response of extruded polystyrene 
foam. 
3) Validation of the material models of the extruded polystyrene and 
polyurethane foams using LS-DYNA. 
In order to achieve the above goals, a set of experiments were carried out. 
These tests determined the compressive response of the extruded polystyrene foam 
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and polyurethane foam at strain-rates from a quasi-static rate to 2.0/s. A suitable 
material model using the associated element formulation was developed to simulate 
the polymeric foams. The resulting material models were then implemented in a 
finite element simulation using LS-DYNA based on the experimental setup, the 
results of which were compared to the results of the compression tests to determine 
the validity of the material model. The results of this study will be used to validate 
the computational model of the composite barrier in Chapter 5:, presenting an 
efficient experimental and computational framework for appraising road safety 
barrier designs during early stages of development.  
3.2 EXPERIMENTAL ANALYSIS OF EXTRUDED POLYSTYRENE FOAM AT LOW STRAIN‐
RATES 
The initial goal of this set of experiments was to determine the force-
displacement response of the extruded polystyrene foam with a density of 35 kg/m3 
at engineering strain-rates up to 0.3/s. Of particular interest in this process were the 
failure modes and experimental issues that could have a significant influence on the 
validity of the results. 
3.2.1 Specimen details and experimental design 
Low strain-rate compression tests can be conveniently performed using a 
standard universal testing machine. A universal testing machine can easily monitor 
and record load and displacement, which can be can used to determine the stress and 
strain data necessary for both material model and model validation. Furthermore, the 
load and displacement data can be used to determine the specific energy absorption 
of the foam, which can be used to validate the measurements against the published 
work and also as a qualitative assessment of the performance of the foam.  
The universal testing machine used in these experiments was an 
electromechanical Instron 5567 located in the Materials Testing Lab, Gardens Point 
QUT, Brisbane. The Instron 5567 had a maximum crosshead rate of 8mm/s defined 
by the limits of its screw-thread drive mechanism. This in turn, given the desired 
strain-rate, effectively defined the dimensions of the foam samples. The machine was 
fitted with flat platens and setup for compression testing.  
The material samples were extracted from slabs of extruded polystyrene foam 
provided by Austech External Building Services. Due to the manufacturing process 
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of XPS foam where the outer walls of the polymer mixture cool quickly as they come 
into contact with the extrusion mould, a panel of foam will have a variation in 
density from between the outer walls and the central core. To ensure repeatability of 
results, the samples of the foam where taken from the central core of the foam panel 
and were cut to size using a hot wire cutter. In order to develop a maximum strain-
rate of 0.27/s, the samples were cut to a size of 30 x 30 x 30 mm. Each sample was 
visually assessed for voids and manufacturing defects. As there was slight variation 
in both the manufacturing of the foam and sample preparation, the size of each 
specimen was measured and recorded prior to testing. 
The testing schedule was designed to determine the compressive stress versus 
strain profile of the sample, the unloading stress versus strain profile and also the 
cyclical compressive loading behaviour of the foam. With these requirements in 
mind, the testing schedule was designed to have a compression stroke of 24 mm (i.e. 
~80% engineering strain), while the crosshead displacement and compression load 
were recorded during both the loading and unloading strokes. The loading and 
unloading cycle was repeated a total of four times on each specimen in order to 
determine the resilience of the material for repeated loadings. This testing schedule 
was performed with crosshead velocities of 0.10, 1.00, 2.00, 4.00, 6.00 and 8.00 
mm/s (equating to strain-rates of and 0.003, 0.03, 0.07, 0.13, 0.20 and 0.27/s), with 
four tests were carried out at each strain-rate to ensure validity of the measured 
result.  
3.2.2 Observed response  
As discussed in Section 2.3.1, most polymeric foams follow a standard form of 
compressive stress versus strain curve (Figure 3-1). The XPS foam analysed in this 
case followed this form in having an initial linear elastic region, followed by a 
densification plateau with a subsequent region of increased stiffness known as 
stiffening regime.  
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Figure 3-1 Definition of compressive behaviour regions in polymeric foams (Hallquist, 2006b) 
Figure 3-2 shows the test-averaged compressive stress versus strain profile at a 
range of effective engineering strain-rates, from 0.003/s to 0.27/s. It can be seen in 
this figure that at these comparatively low strain-rates, the loading response appears 
to be independent of the rate. As suggested by Gibson and Ashby (1999), this rate 
independent response is due to the volumetric compression rate being low enough 
whereby the air that is encapsulated by the foams cell structure is allowed to escape. 
As the encapsulated air leaves the foam structure due the pressure caused by the 
uniaxial compression, the internal structure compresses without hydrostatic support 
of the encapsulated air, effectively minimising rate dependability at these low rates. 
This mechanism was evident in other studies (Ozturk & Anlas, 2011a) which note a 
larger rate dependency at comparatively low rates when XPS foam is hydrostatically 
compressed. Based on this evidence, it was decided to use an averaged compressive 
response of the foam to determine the material model, at these low strain-rates. 
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Figure 3-2 Compressive loading response of XPS foam at various strain-rates with the average response 
Figure 3-2 shows the principal variation in the response can be seen to occur in 
the initial linear region. This variation between the responses can be accounted for by 
two factors; foam cell size variability and machine accuracy.  
As mention earlier in this chapter, there was a marked variation in the foam 
density across the thickness of the foam panels. Foam sections which featured visible 
density variations were not used as compression samples, however some internal 
voids and density fluctuations were still found in the testing samples. While these 
material discontinuities have a significant effect on the compressive response when 
the size of the material sample is comparatively small, the scale of these effects is 
reduced with larger specimen sizes.  
The initial response of the foam is also affected by the capability of the testing 
machine to accurately record the compressive response at low values of 
displacement. Screw driven, electro mechanical universal testing machines are not 
able to measure the response at very low displacements. However due to the 
relatively low stiffness of the XPS and certain methods used in the testing profile 
(i.e. allowing the initial displacement of the crosshead to occur away from the 
specimen), errors in the measurements caused by this effect were minimised.  
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Figure 3-3 Compressive response of XPS to multiple loadings at a strain-rate of 
0.067/s 
In Figure 3-3, the response of the XPS foam to multiple compressive loadings 
to a maximum engineering strain of 0.8 is presented. The averaged specific energy 
absorption (SEA) of the first compression across the strain-rates was calculated to be 
8.90 kJ/kg, with a maximum deviation from this value of 9%. Due to the plastic 
deformation and cell wall buckling that occurs in the densification phase, subsequent 
loadings showed a marked decrease in their SEA values. The second, third and fourth 
compressions had averaged SEA values of 4.14, 3.74 and 3.57 kJ/kg respectively.  
Numerical analysis of the curve presented in Figure 3-4 shows that 66% of the 
initially absorbed deformation energy would be elastically released, with 3.01 kJ/kg 
being plastically retained. Averaged residual plastic strain of the foam post 
compression was measured at 25%, regardless of the number of compression cycles; 
this indicates that very little plastic deformation occurred in the second, third and 
fourth loading cycles.  
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Figure 3-4 Averaged compressive loading and unloading response of XPS foam at 
low strain-rates 
3.3 EXPERIMENTAL ANALYSIS OF POLYMERIC FOAMS AT MODERATE STRAIN‐RATES 
The objective of this programme of testing was to expand the work described 
in the previous section and investigate the compressive response at strain-rates up to 
2.00/s. In addition to examining the performance of the XPS foam at higher strain-
rates, testing was also performed on the polyurethane foam which was part of the 
foam panel as described in Chapter 4:. The polyurethane foam was analysed to 
determine its compressive response and material properties for use in the validation 
simulation of the composite road safety barrier as described in Chapter 5:.  
3.3.1 Experimental program and specimen design for XPS foam 
In order to achieve a higher compressive engineering strain-rate, the 
experimental testing was performed on a hydraulically powered MTS 810 material 
testing system. The MTS 810 system is normally used for cyclic tensile testing; 
therefore compression platens were manufactured to fit into the hydraulically 
operated grips. An experimental method was designed to function in the same 
manner as the method described in the previous chapter; the sample would be 
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compressed to a relatively high value of strain at a particular strain-rate, then be 
unloaded at the same rate. This compression cycle would occur a further three times. 
The two differences in the experimental method were the maximum compressive 
strain which was increased to 90%, and the compressive velocity was increased to 
match the limits of the machine. The maximum crosshead velocity that the machine 
was found to be capable of achieving was180 mm/s; however it was found that in 
order to achieve a relatively constant velocity with a load being applied to the foam, 
the maximum speed had to be limited to 150 mm/s. The load limit of the machine 
was 150 kN, which is well in excess of any value anticipated for the XPS or PU 
foams. 
Knowing the capabilities of the machine allowed the geometries of the foams 
to be defined. With a desired compressive engineering strain-rate of 2.00/s, the 
height of the foam was selected to be 75 mm, and the cross section of the foam block 
was selected to be 100 mm square. The size of the cross section was selected based 
on the effects of the discontinuities and voids as described in the previous chapter, 
with the shape chosen to reflect the intended design of foam-filled panel for use in a 
water-filled road safety barrier. The variability in response of the foam reported in 
Section 3.2 owing to the heterogeneous nature of the foam and any potential edge 
effects of the square cross section can be deemed negligible owing to the size of the 
specimens examined. A larger cross section would require a larger compressive load 
and would hence reduce the relative effect of any discontinuities in the foam’s cell 
structure. The XPS foam was again cut from a supplied panel, which had a thickness 
of 75 mm. This meant that the testing specimen had regions of different densities, 
with most dense regions at the outer regions and the least dense region through the 
majority of middle of the thickness. This density distribution is caused by the 
manufacturing process and hence experiments performed with the entire thickness 
would be more indicative of the behaviour of the foam panel in a real world 
application, rather than a laboratory abstraction.  
3.3.2 Experimental program and specimen design for PU foam 
Samples for the PU were taken from the foam-filled polyethylene lid as 
described in Chapter 4:. The foam was injection expanded into an empty panel 
(Figure 4-10), which itself is rotationally moulded out of low density polyethylene. 
As described in Section 3.3.1, in trying to quantify the mechanical response of 
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polymeric foams, it is important to conduct testing of samples that represent the foam 
as it would be used in service. The resulting data must be characteristic of the 
behaviour of the foam, so samples need to be large and incorporate average changes 
in structure and density, including density changes due to manufacture and averaged 
voids.  
Due to the processes used in manufacturing the foam-filled panel, the 
requirement of having testing samples that reflected the foam as it would be when 
installed dictated the sample size and construction. In order to achieve reasonable 
crush loads and to ensure that local voids did not overwhelm the response, a cross 
section of 100 x 100 mm was chosen. It was noted that there was a visually 
appreciable variation in the density across the depth of foam sample, and as such the 
entire thickness had to be used in the compression tests. This however meant that the 
polyethylene shell which encased the PU foam could not be removed, as any attempt 
to do so results in brittle failure of the foam structure and removal of material from 
the foam structure.   
Thus the compression testing samples consisted of a centre core of PU foam 
which was 50 mm thick (i.e. the size of the sample provided), and had on either side 
3.5 mm of LDPE. Due to the stiffness of the polyethylene being orders of magnitude 
larger than that of the PU foam, the two layers of LDPE had a negligible effect on 
the measured force and displacement results. Analysis of the results presented in 
Sections 3.3.3.2 and 5.2 shows that during the stiffest part of the foam’s behaviour 
(i.e. the stiffening region), the LDPE panels where 300 times stiffer than the PU 
foam specimen. This meant that, according to Hooke’s law of springs in series, the 
largest effect of the LDPE panels on the force response of the experimental testing 
was approximately 0.3% of the measured load, indicating that the effect of the LDPE 
panels on the result was negligible.   
3.3.3 Compressive response and energy absorption 
3.3.3.1 XPS foam 
Compression testing of the XPS foam was conducted with crosshead velocities 
of 10, 50, 100 and 150 mm/s (0.13, 0.66, 1.33 and 2.00 strain per second). The 
results of this series of compressive testing produce a number of interesting 
responses in comparison to the low strain-rate testing. The compressive response of 
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the XPS foam still retains the three phases of compression; however of note is the 
difference in the observed response of the densification plateau. It is pertinent to note 
here that the lowest strain-rate tested on the MTS 810 machine was at 0.13/s, which 
in the range of the previously conducted low rate testing.  
 
Figure 3-5 Comparison of compression curves for moderate strain-rates and average 
low strain-rate for XPS foam 
This can be best observed in Figure 3-5; the averaged compression response for 
the low rate testing is seen to have a lower initial yield point and a lower initial 
elastic modulus compared to the response of foam at the moderate rates. During the 
densification plateau the averaged low rate stress response can be measured to have a 
gradually increasing slope, whereas the slope of the stress response for the moderate 
rates can be seen to be decreasing, giving the densification plateau a flatter shape.  
These effects can be linked to the increase in the dimensions of the specimen. 
The low rate specimen had dimensions of 30 x 30 x 30 mm, while the moderate rate 
specimen had dimensions of 100 x 100 x 75 mm. The primary effect of this increase 
in geometry size is that the material specimen features a varying density throughout 
the thickness of the specimen, due to the manufacturing process. With higher 
densities observed at the top and bottom surfaces, the foam cell size is reduced and 
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hence the propensity for the cell walls to buckle and collapse is reduced. This has the 
effect of increasing the initial elastic modulus of the foam and heightening and 
flattening the densification plateau (Gibson & Ashby, 1999).  
 
Figure 3-6 The compressive loading and unloading response of XPS foam at 
moderate strain-rates 
The strain-rate sensitivity of the hysteresis in the unloading phase of the XPS 
foam was much more prevalent in this series of testing compared to the low strain-
rate tests. This can be seen in Figure 3-6, where the unloading phase of the 0.13/s test 
can be seen to be shallower compared to the 2.00/s test. This has an effect on the 
measure of post compression energy absorption. 
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Strain-rate 0.13 strain/s 2.00 strain/s 
Loading Phase 
1st 
loading 
2nd  
loading 
3rd 
loading 
4th
loading 
1st 
loading 
2nd  
loading 
3rd 
loading 
4th 
loading 
Energy absorbed 
(kJ/kg) 
11.90 4.61 4.33 4.21 12.50 6.27 5.91 5.76 
Energy absorbed 
(% of initial 
absorption)  
100% 38.8% 36.4% 35.5% 100% 50.3% 47.5% 46.3% 
Table 3-1 Specific energy absorption levels of XPS foam compressed to 85% at quasi-static and 
moderate strain-rates  
The energy absorbed by the XPS foam at the quasi-static (0.13/s) and moderate 
(2.00/s) strain-rates is shown in Table 3-1. It can be seen that the SEA value for the 
initial compression is 5% higher at the moderate strain-rate compared to the quasi-
static compression. However during the second, third and fourth loadings the energy 
absorption levels are significantly higher (~35%). This highlights the rate dependent 
nature of the unloading behaviour of XPS foam.  
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Figure 3-7 Graph of compressive stress-strain response of XPS due to multiple 
loadings at 2.00/s 
The response of the XPS foam to multiple compressive loadings can be seen in 
Figure 3-7. It is immediately noted that the first loading of the foam has the typical 
three distinct regions of polymeric foam compression (initial linear, densification 
plateau and stiffening region as per Figure 3-1), while the subsequent loadings 
appear to only have a single exponentially increasing stiffening regime. This can be 
attributed to the yielding and buckling to the cell walls of the foam which define the 
behaviour of the initial linear and densification plateau. The altered stress-strain 
profile dictate that the foam change very different energy absorption characteristics, 
as seen in Table 3-1. 
Figure 3-8 shows the post compression deformation mode of the XPS foam in 
comparison to an uncompressed specimen. All specimens exhibited a tendency to 
bow during compression; this effect was observed to first occur at the beginning of 
the densification plateau regime. This behaviour can be explained by the 
heterogeneous nature of the polymeric foam structure. The microstructure of the XPS 
foam is closed cell (i.e. the cell walls form discrete cells separate from one another, 
which does not allow for enclosed air to mix between cells). As described earlier, a 
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XPS foam panel have a variable density profile through its thickness, with secondary 
fluctuations in density (caused by variable extrusion rate during manufacture and 
sample preparation) also occurring.  
A section of foam with a lower density will enter the densification plateau at 
lower loads than the surrounding areas. This precipitates higher compressive strains 
in that zone when a foam sample is uniformly loaded, encouraging the opposite side 
of the specimen to “bow” outwards.  
 
Figure 3-8 Specimen samples of XPS foam before (left) and after (right) compresion 
testing (n.b. size of unloaded sample 100 x 100 x 75 mm) 
3.3.3.2 PU foam 
Compression testing of the polyurethane foam was conducted with crosshead 
velocities of 1, 50, 100 and 150 mm/s (0.02, 1.00, 2.00 and 3.00 strain per second). 
Two specimens were experimentally tested for each cross head velocity, with the 
geometry of each sample being measured before testing to ensure accurate 
determination of stress and strain values. The force and displacement histories of the 
tests were measured, and engineering stress and strain profiles where calculated 
using the measured geometries.  
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Variation of results between tests of identical cross head velocities was 
minimal, so their results were averaged with primary stress versus strain profiles are 
presented in Figure 3-9. The PU foam showed a similar stress versus strain profile to 
that of the XPS foam, featuring an initial linear elastic region, densification plateau 
and stiffening regime. In comparison to the XPS foam, the magnitude of the force 
require for the compression of the PU foam is much lower. It can be noted that the 
PU foam has a significantly lower densification plateau than that of the XPS foam 
(200 kPa for PU foam compared with 400 kPa for XPS foam).  
 
Figure 3-9 The compressive loading of PU foam at quasi-static and moderate strain-
rates 
A noticeable change in compressive response can be observed in Figure 3-9 
between the quasi-static strain-rate tests (0.02/s) and the moderate strain-rate tests 
(1.00, 2.00 and 3.00/s). As with the XPS foam, this can be explained with the 
mechanisms by which the air is expelled from the foam’s cellular matrix. At lower 
strain-rates, the cell walls which entrap the air within the foam yield and buckle at a 
slow enough rates that the air can mix and escape without affecting the mechanical 
response. At moderate strain-rates, the deformation of the cell walls occurs rapidly 
enough that the flow of the entrapped air is impeded enough that a small internal 
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hydrostatic pressure can be formed which has a measurable effect on the 
compressive response (Gibson & Ashby, 1999).  This effect has the characteristic of 
having identical stress-strain curves in the initial linear region (i.e. before yielding 
and buckling of cell walls), and larger strain-rates experiencing larger stresses in the 
densification and stiffening regimes. This behaviour is directly observable in Figure 
3-9. 
Based on the experimental data as presented in Figure 3-9, it can be said that 
there is no significant difference in the compressive responses between 1.00 and 
3.00/s. Hence the compressive responses at these rates will be treated as equal.  
The unloading response of the PU foam at quasi-static and moderate strain-
rates can be seen in Figure 3-10. In comparison to the unloading response of the XPS 
foam (Figure 3-6), it is apparent that the PU foams unloading response is much less 
strain-rate sensitive. While there is a minor difference in the unloading response 
between 0.02/s and 1.00/s, this disparity can be attributed to the increased energy 
absorbed at the higher strain-rate.  
 
Figure 3-10 The compressive loading and unloading response of PU foam at quasi-
static and moderate strain-rates 
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With respect to the experimental program described in Section 3.3.2, each PU 
foam specimen was compressed three times to 90% strain at the same engineering 
strain-rate. Figure 3-11 reveals that the secondary and tertiary compressions have 
essentially identical stress-strain profiles, as observed with the XPS foam. The stress-
strain profiles of the secondary and tertiary loadings do not feature initial linear and 
densification plateau regimes; rather the loading exists solely as an exponentially 
stiffening region. This is due to the yielding and buckling of the cell walls of the 
foam that are associated with the initial linear and densification regions occurring 
fully in the first loading. After the first compressive loading the foam reverts back to 
56% of its original thickness. 
 
Figure 3-11 The compressive response of PU foam at 1.00/s when subjected to three 
loadings to 90% compression 
Table 3-2 details the SEA values of the PU foam at quasi-static (0.02/s) and 
moderate (1.00/s) strain-rates. It can be noted, as predicated from Figure 3-9, the 
foam absorbs more energy at higher strain-rates, with a percentage increase of 21% 
in the SEA value of the primary loading. However, in the secondary and tertiary 
loadings, the SEA values as percentages of the initial energy absorbed appear to be 
independent of the strain-rate. In comparison to SEA values of XPS foam seen in 
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Table 3-1, the PU foam has considerably smaller SEA values. At the moderate strain-
rates, which are of concern for a vehicular impact, the SEA value of PU foams is 
32% lower than that of XPS foam for the initial loading and the XPS foam is more 
resilient than PU foam.  
Strain-rate 0.02 strain/s 1.00 strain/s 
Loading Phase 1st loading 2nd  loading 3rd loading 1st loading 2nd  loading 3rd loading 
Energy absorbed 
(kJ/kg) 
7.06 2.91 2.57 8.55 3.46 3.10 
Energy absorbed 
(% of initial 
absorption)  
100% 41.1% 36.4% 100% 40.5% 36.3% 
Table 3-2 Specific energy absorption levels of PU foam at quasi-static and moderate strain-rates 
As described earlier, the PU foam was delivered with very little information of 
its mechanical properties or structure. The density of a material is an important 
parameter and is essential in any dynamic application, hence FE simulation. 
Therefore it was important that the density of the PU foam was determined. In order 
to accomplish this, five samples of the foam were prepared to a fixed size (45 x 100 
x 100 mm), and their masses were measured. From this, the average density of the 
PU foam was calculated to be 36.0 kg/m3. 
During the compression testing of the PU foam (Figure 3-12), an important 
physical behaviour was noted. It was observed that the PU foam ejected a significant 
amount of foam particulate, with the particulate ejection being more plentiful and at 
higher velocities for higher strain-rates. Due to the noted potential carcinogenic and 
hazardous nature of polyurethane foam particulate, it is important that if the foam 
were to be used in an impact energy absorbing device, the release of the ejection 
foam particulate be minimised. In terms of the foam-filled panel used in Chapter 4:, 
the release particulate is minimised by the LDPE panelling surrounding the foam. 
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Figure 3-12 The deformation mode of a sample of PU foam after compresion testing 
3.4 DEVELOPMENT OF THE FINITE ELEMENT MODEL FOR POLYMERIC FOAMS 
In order to assess both the validity of the computational model of the 
composite road safety barrier (Chapter 5:) and the ability of extruded polystyrene 
foam to successfully perform as an energy absorbing material (Chapter 6:), a 
numerical material model appropriate for use in a finite element model must be 
created. The numerical model must be able to accurately and efficiently simulate the 
critical compressive responses of the polymeric foams. This section details the 
considerations given to selection and construction of the material model and element 
formulation, as well as presenting the validation procedure. 
3.4.1 Material formulation 
3.4.1.1 Comparison of available material formulations 
The finite element modelling package used in this project is LS-DYNA, and 
hence any material formulation chosen for use must be compatible with and 
implemented within LS-DYNA. In constructing the material model for the polymeric 
foams, the accurate modelling of the following three behaviours was of primary 
concern: 
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 The three distinct phases of the compression stress versus strain profile 
 Strain-rate dependency of the foam 
 Hysteresis effect in unloading 
In terms of the simulations performed in Chapter 5:, the three behaviours above 
perform an important role in the effectiveness of the polymeric foams. 
LS-DYNA has many material formulations that are be suitable to simulate 
polymeric foams. A low density foam model is available which can model the three 
phases loading of polymeric foams and also their hysteretic unloading (Hallquist, 
2006b). Ozturk and Anlas (2009) increased the accuracy of this formulation for a 
material model of EPS foam by optimising the characteristic value for the unloading 
hysteresis in order to properly replicate the amount of plastically retained energy. 
However, this low density foam model lacks the ability to account for any rate 
dependency of the foam. 
A crushable foam material formulation features the ability to accurately define 
the strain-rate dependant compressive response of the foam by simply inputting the 
data curves that correspond to the stress versus strain profile. The ability of the 
formulation to translate effectively raw data into material behaviour is extremely 
useful; however the formulation can be very unstable and has no function to 
accurately model the response outside the defined range. In addition, the unloading 
behaviour for this formulation is limited to simple linear kinematic hardening.  
The Fu Chang material formulation is based on the decomposition of the 
deformation strain-rate into the linear elastic strain-rate and  non-linear plastic strain-
rate (Chang, Song, Lu, & DeSilva, 1998). The combination of the linear Eq.  3-1 and 
non-linear Eq.  3-2 strain-rate equations allows the formulation to simulate the three 
phases of the foams compressive response and the strain-rate dependency of the 
foam. With alterations to the formulation, the hysteresis unloading profile of the 
foam has also be generalised (Hallquist, 2006b). 
	 ܧሶ ௅ሺݐሻ ൌ ఒଶఓሺଷఒାଶఓሻ ߪො௞௞ߜ௜௝ ൅
ଵ
ଶఓ ߪො௞௞	 Eq.		3‐1	
	 ܧሶ ேሺݐሻ ൌ ఙ|ఙ|
∗ ܦ଴exp ൤െc଴ ቀ୲୰ሺ஢ୗሻ‖஢‖మ ቁ
ଶ୬బ൨		 Eq.		3‐2	
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	 ሶܵ ൌ ൣcଵሺaR െ cଶSሻP െ cଷW୬భ൫ฮEሶ ୒ฮ൯୬మI൧R,	 Eq.		3‐3	
	 ܴ ൌ 1 ൅ ܿସ ቀฮ୉ሶ
ొฮ
௖ఱ െ 1ቁ
௡య,			 Eq.		3‐4	
	 	ܲ ൌ tr൫σEሶ ୒൯,		 Eq.		3‐5	
	 ܹ ൌ ׬ tr൫σሺdEሻ൯.	 Eq.		3‐6	
In Eq 3-1, the variables λ and μ are the two linear elastic Lamé parameters.  
Equations 3-2, 3-3, 3-4, 3-5 and 3-6 feature the components c଴,	cଵ, cଶ, cଷ, ܿସ, ܿହ, 	n଴, 
nଵ, nଶ, ݊ଷ, D଴ and a which are material constants and the function S is the 
generalised state function of the material. The Fu Chang formulation has been used 
to accurately simulate the mechanical response of polymeric foams in compression 
testing  (Chang et al., 1998) and their function in impact energy absorbing devices 
(Reid & Bielenberg, 2008). Therefore the Fu Chang formulation was chosen as the 
formulation to be used to simulate the polymeric foams.  
The implementation of the Fu Chang formulation in LS-DYNA features the 
ability to internally calculate the twelve non-linear material parameters based upon 
an accurately defined compressive stress strain data. In order to accurately model the 
strain-rate dependent nature of the foam, at least two compressive curves must be 
defined for different strain rate. The unloading response of the material can described 
either by a plot of the stress-strain unloading response or via two empirically 
determined formulation variables. 
3.4.1.2  Material data input  
3.4.1.2.1 XPS foam 
Based on the findings and discussion in Section 3.3.3.1 regarding the 
dependency of the foams behaviour on the specimen size, it was decided that only 
the data for the moderate strain-rate testing would be used to define the XPS foam 
material model. As described in the previous section, LS-DYNA will internally 
calculate the twelve material parameters relating to the constituent behaviour based 
on the stress-strain profiles defined in the material input card. In order to achieve a 
numerically stable material model for the polymeric foams, it is important that the 
stress-strain profile is defined in a manner which achieves both accurate and stable 
material behaviour. In order to calculate numerically stable rate parameters, it is 
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often noted that stress-strain profile for different strain-rates should not intersect one 
another (Livermore Software Technology Corporation, 2012). The stress-strain 
curves of the XPS foam for the moderate strain-rates (Figure 3-5) feature a number 
of different intersection points between these curves. It is generally recommended 
that, where possible, these data be smoothed and manipulated in order to remove 
these intersections.  
The stress-strain response of the XPS foam at strain-rates of 0.13/s and 1.33/s 
were omitted from the inputs. The response at 0.13/s was omitted as it introduced 
significant computationally instability during the initial linear region, due to its 
stress-strain response intersecting with the responses at the higher strain-rates. The 
response at 1.33/s was omitted due to it being nearly identical to the response at 
2.00/s. Using the stress-strain responses from the 0.67 and 2.00/s strain-rates 
experiments in the definition of the XPS foam material model was found to give a 
stable and accurate response.  
Before this data was input into the material data card, it was necessary that the 
data be aggressively smoothed. As the data for each strain-rate came from two 
separate tests, the averaged, resultant curves had considerable noise. In order to 
reduce the noise, a weighted moving average was applied to the averaged results of 
the experimental tests. A local regression technique was then used to create a 100 
point data set from the smoothed data, ranging from zero strain to the particular 
maximum strain. The maximum strain point was chosen by determining the point at 
which the rate of increase in the gradient of the stress slope began to reduce. It is 
recommended that the stress-strain profiles be defined to a strain where the stress 
value is greater than the strength of the surrounding materials (i.e. LDPE). In order to 
achieve this while maintaining an accurate representation of the foams behaviour, a 
hyperbolic function (Eq. 3-7) was used to extrapolate the plot to a maximum 
compressive strain of 99.7%. The hyperbolic function takes the form of: 
	 ߪ௡ ൌ ߪ௡ିଵ ൅ ቀడఙడఌቁଵ ቀ
ଵିఌభ
ଵିఌ೙ቁ
௖ ሺߝ௡ െ ߝ௡ିଵሻ,	 Eq.		3‐7	
where c is a hyperbolic variable specific to each stress-strain profile, ߪ௡ is the 
defined engineering stress for the nth point in the series and ߝ௡ is the defined 
engineering strain for the nth point in the series. The value c is determined by 
choosing points 1 and 2 within the foam’s stiffening region of the stress-strain profile 
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and basic manipulation of the equation. This procedure is recommended practice by 
Livermore Software Technology Corporation (2012) when using the Fu Chang 
formulation for the simulation of polymeric foams. 
Upon developing the stress-strain curves needed for the material model, it was 
still found that significant instabilities existed in the material model, particularly in 
the transitions from one compression regime to another (e.g. densification plateau to 
stiffening regime). It was determined that the input curves still featured a 
considerable amount of noise, which was enough to cause the variable calculation 
process in LS-DYNA to produce unstable results. The data was further examined and 
it was manually manipulated in order to reduce large fluctuation in the first 
derivative of the stress-strain data. While this manual manipulation of the input data 
is not an ideal process, differences between the experimentally measured data and the 
final input data were negligible (Figure 3-13). 
 
Figure 3-13 Comparison of the experimnetal measurements and the material model 
input data for XPS foam 
While using a stress-strain profile to determine the compressive loading of the 
foam was relatively successful, due to LS-DYNA being unable to develop an 
accurate representation of the unloading profile based on the unloading stress-strain 
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data, the alternate method for determining the unloading behaviour was explored. 
The unloading profile can be determined via the user specification of two materials 
variables, HU and SHAPE, as given in the following equations: 
	 ߪఌ,௨௡௟௢௔ௗ௜௡௚ ൌ ሺ1 െ ݀ሻߪఌ,௟௢௔ௗ௜௡௚	 Eq.		3‐8	
	 ݀ ൌ ሺ1 െ ܪܷሻ ൬1 െ ቀௐ೎ೠೝೝ೐೙೟ௐ೘ೌೣ ቁ
ௌு஺௉ா൰,	 Eq.		3‐9	
where W is the value of the absorbed hyperelastic energy per unit deformed volume 
(Hallquist, 2006b). It was found, via a parametric study, that the values for HU and 
SHAPE which enabled the material model to most accurately represent the unloading 
behaviour of XPS foam were 0.10 and 2.00, respectively. The use of the HU and 
SHAPE variables was found to produce a much more accurate and numerically stable 
result compared to using the experimentally calculated unloading stress-strain 
profile. In addition to these values, an additional effective Young’s modulus value of 
10 MPa was defined in order to control time step associated with the foam 
effectively, and the density was defined to be 35 kg/m3. 
3.4.1.2.2 PU foam 
Given the distinct difference between the quasi-static and moderate strain-rate 
responses of the PU foam (Figure 3-9) compared to that of the XPS foam, the 
definition of the material model was based upon both the quasi-static response and an 
averaged moderate strain-rate response (given a nominal strain-rate of 1.00/s). The 
process of creating the input stress-strain profiles for the PU foam was similar to that 
of the XPS foam. The raw data was averaged, extrapolated at high strains to 99.7% 
compressive strain and high rates of change in the first derivative of the profile were 
manually manipulated out of the data.  
As with the definition of the unloading behaviour of the XPS foam, the HU and 
SHAPE parameters were used in the construction of the material model of the PU 
foam. Through a parametric study, it was found that the values for HU and SHAPE 
which enabled the material model to most accurately represent the unloading 
behaviour of PU foam were 0.20 and 4.00, respectively. The time step controlling 
effective Young’s modulus was defined at 10 MPa and the density defined as 36 
kg/m3. The final stress-strain profiles used in the material model for the PU foam can 
be seen in Figure 3-14 and Figure 3-15. 
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Figure 3-14 Stress-strain profiles to 0.88 strain used to defien loading and unloadinf 
of PU foam material model 
 
Figure 3-15 Extrapolated high strain data used in definition of PU foam material 
model 
3.4.2 Element formulation and meshing 
As the material is extremely soft, relatively large nodal displacements can 
occur in a single iteration in the finite element simulation of the foam. It is therefore 
very important that the element be formulated to account for this and ensure that 
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foam model is numerically stable and efficient, while retaining the accuracy of the 
material formulation.  
The models of both the XPS and PU foams made use of the single integration 
point, constant stress element described in Section 2.2.2.3. As this element is 
underintegrated, hourglass control scheme developed by Belytschko and Bindeman 
(1993) was used. It was found that using an hourglass coefficient of 1.0 (as 
recommended by Livermore Software Technology Corporation (2012)) was optimal 
is terms of model stability and accuracy of results. 
 
Figure 3-16 Final FE meshes for XPS foam (left) and PU foam (right) 
A mesh sensitivity study of the simulation was performed in order to assess the 
effect of mesh density on the simulation. The study showed that the ideal balance 
between accuracy and computational cost was found with an average mesh size of 15 
mm (Figure 3-16), and that any mesh spacing narrower than this resulted in 
numerical instability. This instability is related to the confluence of the relatively 
long duration of the simulations, the softness of the material model and the rigidity of 
the boundary conditions, leading to an increased propensity for development of zero 
energy hourglass modes with a finer mesh resolution. These numerical instabilities 
arose from spurious hourglass deformations, particularly when the material 
transitioned by the densification plateau and the stiffening regime. These zero energy 
modes appeared to be initiated by a combination of the frictional boundary 
conditions, the hyperbolic increase in stiffness and the relative slowness of the stress 
wave within the soft, foam material. When the mesh size was increased, all hourglass 
modes were removed, with the measured hourglass energy was negligible. As the 
simulation was primarily uniaxial (exacerbated by the Poisson’s ratio of the foam 
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being zero), it was noted that hourglass modes may be artificially suppressed, where 
a finer mesh may be required to combat hourglass instabilities in a simulation with 
multiple loading and multi-axial deformation. This issue was recorded and was used 
in the development of the foam-filled panel simulation as described in Section 5.5.  
3.4.3 Boundary conditions and interactive concerns 
In order to establish a simulation to validate the material model of the XPS and 
PU foams, boundary conditions that accurately represent the testing procedure must 
be established. The bottom, stationary platen of the MTS machine was modelled 
using a fixed rigid wall formulation. This formulation is frequently used as an 
efficient and accurate method for modelling a rigid surfaces for contact in LS-DYNA 
(Hallquist, 2006b), with the user able to define both the geometry of the wall and the 
Coulomb friction of the wall. The moving upper platen was also defined using a rigid 
wall formulation, although the motion of this rigid wall was defined by a series of 
data points which dictated its displacement. The data point series were developed to 
simulate the velocity of the cross head. 
It was found that in order to improve the numerical stability of the finite 
element simulation of the polymeric foams, it was best to define a reasonable value 
for the friction coefficient. Due to the soft nature of the material model and the single 
point element formulation used, the model was susceptible to localised hourglassing, 
and hence increased frictional forces reduced the propensity of the model to develop 
hourglass modes. The value of the friction coefficient was set at 0.5 as a result  
3.5 EVALUATION OF THE FINITE ELEMENT MODEL 
This section will detail the results of the FE simulation discussed in the 
previous section and compare the results of the simulations against the experimental 
measurements as detailed in Section 3.3. The validity of the material models was 
measured by assessing the loading and unloading force-displacement curves and via 
comparison of the simulated and measured SEA values.  
3.5.1 XPS foam 
The results of the force-displacement plots of the FE simulations for the 
moderate strain-rates, along with the results from the experimental testing, can be 
seen in Figure 3-17. The plot accurately reflects the experimental measured loading 
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behaviour of the foam, with the results matching at all strain-rates through the initial 
linear and densification plateau regimes, with the only variation occurring in the 
stiffening region in the transition to unloading. This difference is seen to be as a 
function of the extension of the stress-strain curve to 0.997 strain using Eq. 3-7. This 
behaviour was expected based on the material model construction as discussed in the 
previous section.  
  
Figure 3-17 Comparison of FEA and experimental force-displacement curves for 
various strain-rates for XPS foams at moderate strain-rates 
The unloading section of the force-displacement profile for the FE simulation 
does not follow specifically follow the experimentally determined unloading 
response of the foam. However it can be seen in Table 3-3 the quantitative measure 
of the reveals a close correlation between the FEA and experimental results.  
The force-displacement results of the FEA simulation of the compression of 
the XPS foam at 0.13/s (i.e. quasi-static) are seen in Figure 3-18 in comparison with 
the experimental results. The loading profile of the foam at 0.13/s is significantly 
more inaccurate than the responses seen in Figure 3-17. However, this result is 
deemed acceptable given that the material model is not being designed for use in 
quasi-static simulations, but rather for use in impact studies (i.e. Chapter 6:). 
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Figure 3-18 Comparison of FEA and experimental force-displacement curves for 
various strain-rates for XPS foams at 0.13/s 
The FE calculated and experimental SEA values at the maximum experimental 
strains and for the unloaded sample can be read in Table 3-3. It can be read that the 
FE material model more accurately represents the energy absorption characteristics 
of the XPS foam at all the examined strain-rates with a maximum loading error of 
2.17%. This is due to the choice of stress-strain curve during the material model 
deformation; had the stress-strain profile 0.13/s response been used to define the 
material behaviour, the accuracy of the SEA values (and material response in 
general) was found to be significantly reduced.  It can be seen that the FE calculated 
SEA values of the foam when fully unloaded have a larger magnitude of error than 
the loading response, although this is well within the acceptable error range given the 
end use of the material model (i.e. in an impact study). 
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 Loading 
Rate 
(strain/s) 
Maximum 
strain 
Experimental 
SEA (kJ/kg) 
Finite element 
SEA (kJ/kg) 
Error 
0.13 0.945 16.36 16.72 2.17% 
0.67 0.899 13.36 13.39 0.21% 
1.33 0.876 13.93 13.88 -0.37% 
2.00 0.867 13.37 13.36 -0.07% 
 Unloading 
Rate 
(strain/s) 
Experimental 
SEA (kJ/kg) 
Finite element 
SEA (kJ/kg) 
Error 
0.13 10.42 10.03 -3.74% 
0.67 8.25 8.03 -2.66% 
1.33 8.64 7.98 -7.70% 
2.00 8.13 7.71 -5.11% 
Table 3-3 Comparison of experimental and FE simulation SEA values at maximum strains and when 
unloaded for XPS foam 
3.5.2 PU foam 
The process of creating and validating a numerical stable and accurate material 
model for polyurethane foam was relatively straightforward in comparison to the 
process describe in the previous section for XPS foam. As the stress-strain profiles 
used in the material model definition for PU foam (Figure 3-14) featured a concave 
densification plateau, the material variables that were internally calculated by LS-
DYNA were inherently more stable than those calculated for the XPS foam material 
model.  
The form of the stress-strain profile of PU foam (specifically the concave 
densification plateau, Figure 3-14) meant that LS-DYNA was able to calculate the 
material parameters and produce a stable and accurate material model. However 
simulation of the experimental test performed at 0.02/s provided some computational 
difficulties. The large number of iterations (50,000,000) required to solve the 
simulation of the experimental test which was 90 seconds in duration and the soft 
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nature of the material, introduced high levels of numerical instability. LS-DYNA’s 
explicit solver is not designed to solve simulations of such long time durations, with 
errors often being noticeable after 500,000 iterations in simulations with soft 
materials due to precision and rounding error (Hallquist, 2006a). In order to 
overcome this problem, the number of elements in the simulation was drastically 
reduced (2 x 2 x 2 elements), which reduced the number of iterations and increased 
the effective element stiffness, greatly reducing the propensity of the elements to 
form spurious hourglass modes. This method was successful and is presented in this 
section. While this method is not to be used in any impact analysis using polymeric 
foams, it was extremely successful in validating the material model of the PU foam 
at the quasi-static strain-rate.  
 
Figure 3-19 Comparison of FEA calculated and experimental force-displacement 
curves for PU foam at moderate strain-rates 
The force-displacement response of both the FE simulations and the 
experimental testing at moderate strain-rates is shown in Figure 3-19. The loading 
response of the FE simulation is found to match well with the experimental values. 
The only divergence of the FE results from the experimental measurements arises at 
the transition to unloading, as per the results of the XPS foam material model, due to 
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the hyperbolic extrapolation of the stress-strain curves as described in Section 
3.4.1.2.1. The path of the unloading response does not directly correlate with the 
experimental results, although the unloaded SEA values (Table 3-4) have very high 
levels of accuracy (i.e. less than 3.00% absolute error). 
 
Figure 3-20 Comparison of FEA calculated and experimental force-displacement 
curves for PU foam at a strain-rate of 0.02/s 
The force-displacement plots of the PU foam at 0.02/s for the FE simulation 
and the experiments can be seen in Figure 3-20. Again, very good correlation in the 
loading phase is found.  
Table 3-4 compares the maximum and unloaded SEA values of the material 
model and the experiments. Error levels are found to be very low for both the 
unloading and loading SEA values. 
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 Loading 
Rate 
(strain/s) 
Maximum 
strain 
Experimental 
SEA (kJ/kg) 
Finite element 
SEA (kJ/kg) 
Error 
0.02 0.909 7.06 7.13 1.02% 
1.00 0.904 8.51 8.77 2.98% 
2.00 0.900 8.50 8.51 0.20% 
3.00 0.892 8.05 8.17 1.48% 
 Unloading 
Rate 
(strain/s) 
Experimental 
SEA (kJ/kg) 
Finite element 
SEA (kJ/kg) 
Error 
0.02 5.49 5.42 -1.25% 
1.00 6.49 6.55 0.85% 
2.00 6.55 6.47 -1.13% 
3.00 6.20 6.23 0.34% 
Table 3-4 Comparison of experimental and FE simulation SEA values at maximum strains and when 
unloaded for PU foam 
It can be intimated from these results that the presented material model of the 
PU foam represents the behaviour of the foam under compression at the strain-rates 
studied with a high level of accuracy. The material model is able to model the strain-
rate sensitivity of the foam and hysteresis in unloading of the foam accurately and 
efficiently. Hence the model presented is suitable for use in the impact studies of 
Chapter 5: and Chapter 6:. 
3.6 CHAPTER SUMMARY 
This chapter presented the experimental low and moderate strain-rate 
compression testing and evaluation of two polymeric foams, extruded polystyrene 
(XPS) foam and polyurethane (PU) foam. The compressive response of the foams 
was studied so that numerical material models of the foam could be developed for 
the explicit finite element package, LS-DYNA. These material models are used in 
Chapter 5: to assess the validity of the computational model of the composite barrier 
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and in Chapter 6: in order to assess the ability of these foams to function as energy 
absorption materials as part of a deformable and portable road safety barrier. The 
material models’ use in these simulations is a significant demonstration of both the 
success of the methods for developing the computational model of the composite 
barrier and the model’s ability to be used as a design and investigation tool. 
The foam’s rate dependent compression response was measured via 
compression testing of the foam at both low and moderate strain-rates to high strain 
levels (~90% engineering strain). Each polymeric foam sample was compressed and 
unloaded multiple times in order to assess the energy absorption characteristics and 
resilience of the foam.  
The behaviour of the XPS foam was found to depend heavily on the cross 
section of material taken. Typical compression testing of polymeric foams found in 
the available literature uses small sample size taken from the core of the material. 
This study performed compression tests of both small, core samples and larger, 
“whole thickness” samples. It was found that the density distribution in the larger 
samples significantly (which is a function of the manufacturing process) affected 
both the densification plateau and the stiffening region regimes of the compressive 
response of the XPS foam. 
PU foam was also experimentally tested as this foam was part of the supplied 
composite road safety barrier provided for impact testing (Chapter 4:). The foam was 
compression tested at quasi-static and moderate strain-rates with the entire through 
thickness being used in the testing method. Negligible density fluctuation was 
observed in the profile of the PU foam, and as such the compression stress-strain 
profile of the foam was found to be typical of polymeric foams. 
Numerical material models for the FEA package LS-DYNA were developed 
based on the compression testing of the two polymeric foams. The Fu Chang (Chang 
et al., 1998) formulation is commonly used to model closed-cell polymeric foam, and 
was chosen to model both the XPS and PU foam. The accuracy of the material model 
of the XPS foam was compromised at quasi-static rates due to the uncharacteristic 
behaviour of the XPS at very low rates. This is acceptable, however, due to the 
intended application of the material model in impact studies where the effective 
strain-rates are above quasi-static rates. This material had sufficient accuracy (i.e. 
maximum absolute error in SEA value of 2.17%) during the loading phase, with the 
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unloading response being slightly less accurate (i.e. 7.70% absolute error in SEA 
value), though still acceptable. 
The material model created for the PU foam was also successful in modelling 
the loading phase, in being able to model the rate dependency of the foam, with the 
unloading response exhibiting very low deviation from the experimental results. LS-
DYNA was able to calculate material variables for the Fu Chang formulation with 
better accuracy, principally due to the familiar profile of the stress-strain behaviour.  
With the accuracy of the material models being assessed, the material models 
will be used as part of a FE model of a composite road safety barrier, in Chapter 5: 
and Chapter 6:. The work presented in these chapters will use the model both to 
validate the FE model of the composite road safety barrier and to assess the efficacy 
of polymeric foams as an impact mitigating material as part of a modular, composite 
road safety barrier.  
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Chapter 4: Experimental impact testing of a 
composite road safety barrier 
4.1 INTRODUCTION 
This chapter details the process of experimentally determining the behaviour of 
an individual composite water filled road safety barrier during a perpendicular 
impact. The experimental tests are designed to be able to assess the structural 
response of the barrier to the capacity of the specimen and provide data which can be 
used to validate a computational model of the system.  
The barrier was manufactured based on a pre-existing delineating barrier 
design, which was augmented with a steel reinforcement frame. Mounted to the 
external walls of the barrier were three polyurethane foam-filled panels, which were 
used to help assess the efficacy of polymeric foams in the absorbing the impact 
energy. The barriers were designed to hold a mass of water which acted as ballast. 
The construction and setup of the barrier specimens was modified between the 
impacts in order to assess the relationship between the design variables and the 
impact response.  
A horizontal impact rig was used in the experimental procedures. The impact 
rig is powered by an air bag expander which propels the impact sled along a set of 
rails into the impact specimen. The design of the impact rig is itself particularly 
innovative and has been detailed within this chapter. The experimental regime and 
results of the impact testing are presented, with detail given to the instrumentation 
and measurement methods. The results of this chapter are then used in Chapter 5: as 
part of the validation procedure for a numerical simulation of the impact into a single 
barrier segment.  
The experimental methods and process described in this chapter provide an 
experimental framework for determining the impact response of road safety devices, 
using a repeatable and controlled experimental testing system. The data produced 
utilising the experimental methods presented here can be used as part of an 
investigation into the capabilities of an impacting mitigating devices, and in the 
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validation of computational models of the systems. The experimental and 
computational methods provide an efficient and relatively inexpensive alternative to 
costly full scale impact testing. 
4.2 DESCRIPTION OF THE COMPOSITE BARRRIER 
This section will detail the conception and design of the composite water filled 
barrier which is to be used in the impact testing described later in this chapter. The 
composite barrier detailed in this section was designed in conjunction with and 
supplied by Centurion Barrier Systems, and was manufactured by FlexiSupreme 
SDN BHD of Malaysia.  
4.2.1 Polyethylene outer shell 
The composite water filled road safety barrier that was used for the 
experimental impact testing described in this chapter is built around an existing 
design of delineating barrier. Commercially known as the Centurion Zone Barrier 
(Centurion Barrier Systems, 2011) (Figure 4-1), the barrier is marketed as a water 
filled traffic containment barrier and is to only be used where the road speed limit 
does not exceed 20 km/h. The barrier has no previous experimental impact or crash 
testing data, and is primarily used as a delineating and channelising device.  
It is important here to note the axes system to be used in this thesis. The axes 
shown in Figure 4-1 will be that used throughout the thesis. Within the thesis the X 
axis will be referred to as the longitudinal axis, the Y axis will be referred to as the 
vertical axis, and the Z axis will be referred to as the lateral axis. This axes reference 
system is used in order to keep consistency with the nomenclature used in NCHRP 
Report 350 and MASH. 
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Figure 4-1 CAD drawing of the Centurion Zone Barrier (note the axes defined) 
The shell body of the Centurion Zone Barrier is manufactured from high 
density polyethylene using the rotational molding (rotomolding) method. In the 
rotomolding method, pelletised manufacturing material is loaded into the mold 
before the mold is loading into the heating bay. The mold is rotated while being 
heated past the melting temperature of the manufacturing material, with the pellets of 
the manufacturing material melting as they come into contact with the mold walls. 
After a period of time, the mold is removed from the heating bay and then fan cooled 
while still rotating (Kutz, 2011). The simplicity of the rotomolding techniques is 
balanced by the finer details of the process which can hamper the efficient 
production of a quality component. Process variables such as heating and cooling 
rates, rotational speed and considerations for mold heat transfer all have to 
effectively managed to ensure an effective molding method. Rotomolding is 
frequently used with polypropylene, PE, polyvinyl chloride and nylon polymers, and 
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is used to manufacture a number of products, ranging from children’s toys to large 
water tanks.  
The Centurion Zone barrier is manufacturing as a hollow container with overall 
dimensions of 2000 x 890 x 590 mm (Figure 4-2). It has an internal volume of 680 
litres and a typical empty mass of 28 kg. While it has a specified wall thickness of 5 
mm, due to the variables with the heating, cooling and filling processes of the 
rotomolding method, the measured wall thickness of a barrier typically ranges 
between 2.8 mm to 5.5 mm.  
The barrier features two portholes through the depth of the barrier which can 
be used as auxiliary forklift holes. These portholes act to stiffen the walls of the 
barrier and to prevent bulging of the walls when the barrier is filled with water. The 
top surface of the barrier has a hole and cap for the quick filling of the barrier with 
water, and a drain port and cap at the bottom edge of the barrier. There are five 
slotted indentations of the primary face of the barrier per side which serve two 
functions; increasing the stiffness of the walls and serving to assist in the ejection of 
the part from the mold at the end of the manufacturing process. The slope of the main 
face of the barrier is 12° off vertical and is designed to facilitate the easy stacking of 
the barriers during transportation and storage.  
 
Figure 4-2 Drawing containing the overall dimensions of the Centurion Zone Barrier 
Connection between adjacent barriers is made by two cylindrical pin-and-hole 
connectors. Each pin is 55 mm long and clearances between the barriers allows for 
27° of free angular rotation between adjacent barriers. While the connection 
mechanism appears insufficient compared with those detailed in Section 2.1.2.3, the 
Centurion Zone Barrier, as it currently design appears, is not manufactured in order 
to meet the requirements of a redirective barrier as per NCHRP Report 350. The 
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Centurion Zone Barrier is explicitly designed to be a delineating and channelizing 
device.  
Some minor modifications were made to the outer shell design in order to 
ensure that it would be usable for impact testing. Principally, it was specified that the 
material used in the manufacture of the barrier was LDPE. This was done so that the 
external shell was more representative of those existing barriers. It was also 
requested that the base polyethylene used in the rotomolding be colourless in an 
effort to make the outer shell transparent (Figure 4-3 and Figure 4-4).  
 
Figure 4-3 The external polyethylene shell of the composite barrier 
The rotomolding method used in the production of the composite barrier with 
the internal steel frame (as detailed in Section 4.2.2) meant that there was a 
considerable amount of warping of the walls of the prototype barriers. This warping 
was caused by changes to the heat transfer process, due to the introduction of the 
steel internal frame (Figure 4-3 and Figure 4-4). The degree of warping was deemed 
acceptable for the purposes of the impact testing, though it should be noted that any 
improved design of barrier featuring an internal metal frame would require close 
attention to the heat transfer process during the rotomolding.  
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A single composite barrier was removed from the lot of barriers that were to be 
used for impact testing, and was instead chosen for disassembly. The disassembly 
process was necessary as the barrier was initially supplied without specification of 
the materials used and geometry of the structure. The process of the disassembly, 
measurement and testing of the outer shell is detailed in Section 5.2. During these 
procedures, measurements of the external frame were taken for reference and future 
use in the CAD modelling of the barrier. The wall thickness of the barrier fluctuated 
between 2.8 and 5.5 mm, depending which part of the shell the measurement was 
taken.  
During testing it was found that many of the external LDPE shells of the 
composite barriers had significant manufacturing defects which resulted in leakages 
from the water filled barrier. This is thought to be related to the non-ideal rotational 
molding process used in the manufacture of the composite barriers. The 
manufacturing flaws were commonly found along the mold split line and on the 
extremities of the barrier (i.e. the male-female connections) In order to minimise 
leakages during experimental testing, the leaks were blocked with strong cloth-
backed tape.  
 
Figure 4-4 The transparent external shell of the composite barrier and the minor 
warping of the shell 
   
Chapter 4: Experimental impact testing of a composite road safety barrier  97 
4.2.2 Internal steel frame 
As recognised in the literature review of existing portable water filled road 
safety barriers (Section 2.1.2.3), some form of reinforcement of the structure is 
necessary, which increases the bending stiffness of the barrier so that an array of 
barriers may safely control and redirect an errant vehicle. As the Centurion Zone 
Barrier is not recognised as a barrier device, it has no native use for any form of 
reinforcement. However it was necessary that some form of reinforcing structure is 
installed into the composite barrier so that the effects of the reinforcement can be 
determined in the experimental testing. 
It was decided that the reinforcing structure for the composite barrier should be 
internally fitted in the rotomolding process. This was done for two principal reasons: 
firstly, it facilitated the mounting of an energy absorbing foam module on the 
exterior surface of the PE shell and secondly, an internal frame was more 
representative of the most successful commercial water filled road safety barriers 
(Table 2-2). For similar reasons, it was decided that the reinforcement would take the 
form of a frame and it would be constructed from steel. 
The choice of material to be used in the construction of the internal frame was 
a decision of using the most appropriate material balanced against the costs and lead 
time that was associated with the materials. Structurally, the most appropriate 
material for use in the internal frame would have been galvanised steel; however the 
costs and lead times associated with using galvanised steel made this choice 
unfeasible. As the longevity of the steel was not necessary, low carbon steel was 
specified as the material to be used in the constructed of the internal frame. Based on 
the provided chemical composition data sheet for the steel (Table 4-1), it can be 
deduced that the steel was likely AISI 1015. 
Alloy composition (% by weight) 
Carbon Manganese Silicon Sulphur Phosphorus 
0.17 0.44 0.28 0.042 0.04 
Table 4-1 Alloy composition of the steel used in the internal steel frame 
The internal frame was primarily designed in order increase the bending 
stiffness of the individual barrier. It was noted in Chapter 2: that for a portable water 
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filled road safety barrier to successful meet the requirements of NCHRP Report 350 
and the updated MASH documents, impact loads must be able to be successfully and 
continuously transmitted through an array of barriers. In order for this to occur it is 
necessary that the impact reaction loads experienced in one barrier are transmitted 
(via tension and bending) through the connection mechanism. This shows the 
importance of structurally linking and reinforcement device of a barrier to the 
connection mechanism. 
This thesis is not primarily concerned with the role of the connection 
mechanism in the impact response of a system of barrier; it is however concerned 
with accurately representing the behaviour of an individual barrier and its impact 
energy absorption behaviour. Hence, the design of internal steel frame was primarily 
motivated by the need to assess the effect of increasing the bending stiffness of the 
barrier on the impact response. It can be noted here that this design of internal steel 
frame is not suitable for use in a commercially available barrier; both the geometry 
of the frame and the materials used in its manufacture are inappropriate for a real 
world barrier installation. However, in terms of increasing the bending stiffness of 
the barrier for the impact testing, the frame used in the prototype barrier (Figure 4-5) 
is useful as a proxy for a commercially viable design.  
 
Figure 4-5 CAD image of the internal steel frame as it is located in the polyethylene 
shell 
With these points in mind, in addition to the project requirement that the frame 
be relatively inexpensive and easy to manufacture, the frame was able to be 
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designed, such that it provided support in both the compressive direction of the 
impact and in the bending of the barrier. This indicated that the frame required 
structural members which would increase the bending stiffness of the frame and 
members which would increase the stiffness in the lateral direction. The frame also 
was required to be able to fit within the existing shape of the Centurion Zone Barrier.  
This meant that the internal frame had to be essentially retrofitted to fit inside 
the barrier, avoiding the main wall indentation and portholes. This resulted in a 
somewhat compromised designed of the frame, particularly in trying to model 
around the large, central indentation and the circular cut-out section. A box system 
was designed based around a small, central box, which links together two larger box-
frames on either side (Figure 4-5). In order to reduce costs and manufacturing time, it 
was decided that the longitudinal members would be constructed from equal-length 
steel angle sections and the lateral members would be constructed from plate 
members. The details of these members can be seen in Figure 4-6. While the use of 
these members was not structurally ideal as they are susceptible to buckling, when 
considerations were given to the manufacturing facilities available, the requirement 
of time on the project and the nature of the role of the barrier (i.e. as an experimental 
test rather than a prototype barrier), it was decided that these members would be the 
most suitable. An overview of the steel frame with the major geometries specified 
can be seen in Figure 4-7. 
 
Figure 4-6 Geometry of the longitudinal (left) and lateral (right) internal frame 
members 
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Figure 4-7 CAD drawing of the internal steel frame with key dimensions 
The members were welded together, with weld depth and quality being 
important. Once the frame was assembled, it was mounted within the outer shell 
mold, and then the outer PE shell would be rotomolded around the frame. In order to 
achieve this, the frame has sixteen attachment nuts (Figure 4-8), where the frame was 
fixed to the mold wall with a threaded bolt. The exterior foam-filled panel (Section 
4.2.3) is also attached to the barrier via these attachment nuts. This method of 
locating the frame within the barrier shell suffered from two major setbacks; negative 
effects on the quality of the rotomolded part and potential unintended heat treating of 
the steel frame. As mentioned in the previous section, there was considerable 
warping of the main wall of the LDPE shell, which can be directly linked to the 
uneven heating and cooling during rotomolding related to the additional thermal 
properties and thermal mass of the steel frame. In addition to the warping, the finish 
of the rotomolded part around the attachment points was poor. A number of the 
composite barrier specimens required that the attachment points be backfilled with 
epoxy glue in order to prevent leaking when filled with water. These defects were 
documented and the impact tests were carried out so any effect of these 
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imperfections on the impact response would be minimised. Concerns about any 
potential accidental heat treating of the steel are minimised by the fact that the 
maximum reported temperature during the rotomolding process was 150 °C.  
 
Figure 4-8 Mold attachment points with foam-filled panel mounted 
It can be noticed in Figure 4-9 that significant sections of the steel frame had 
poor surface treatment. As the steel used to manufacture the frame was a standard 
carbon steel, is susceptible to corrosion. All of the steel frames in the composite 
barriers exhibited some degree of surface rust on the members. Each barrier was 
inspected before impact testing and no potentially significant cases of rust were 
observed. Mechanical testing of the steel examined sections both with surface rust 
and clean sections. Only a very minor difference in behaviour was measured (i.e. less 
than 5% reduction in yield strength for a sample with a large amount of surface rust). 
Significant efforts were taken to minimise corrosion of the steel frame once the 
shipment of barrier was received, including isolating the barrier from corrosive 
environments and treatment with a corrosion inhibitor. 
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 Figure 4-9 Elevated view of internal 
steel frame in situ 
4.2.3 Exterior foam-filled panel 
One of the key objectives of the experimental impact testing of the composite 
barrier is to be able to assess the effect that a polymeric foam energy absorbing 
device will have the impact response. In order to achieve this, it is necessary that 
polymeric foam-filled modules be attached to the composite testing barrier in a 
similar fashion to what it would occur in a real world application. The would provide 
experimental data against which the computational model of the barrier could be 
validated, which in turn could be used to examine the efficacy of polymeric foams as 
energy absorbing materials in a portable, deformable road safety barrier.  
As with the design of the internal steel frame as discussed in the previous 
section, the design of the energy absorbing device was required to be relatively 
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inexpensive, easily manufactured and have a quick production time. From these 
requirements, it was decided that an existing design of foam-filled panel produced by 
FlexiSupreme SDN BHD would be used. The panel, the regular use of which is as an 
insulated container lid, has overall dimensions of 700 x 470 x 50 and has a mass of 
2.60 kg (Figure 4-10). The shell of the panel is constructed from LDPE and is 
manufactured using the same rotomolding technique used for the manufacture of the 
polyethylene outer shell. 
 
Figure 4-10 CAD drawing of the exterior foam-filled panel 
Once the shell has been rotomolded and cooled, expanding polyurethane foam 
is injected into the void within the panel in order to completely fill the panel. This 
process can be hampered the inadequate filling of the panel with the foam, which can 
lead to voids and discontinuities in the foam, akin to the potential problems 
associated with injection molding. Some void and injection discontinuities were 
observed in the mechanical assessment of the PU foam as described in Section 
3.3.3.2. Though the extent of the material imperfections was relatively minor in the 
case of the foam-filled panel, it is important to be aware of such potential defects for 
future designs.  
As mentioned in Chapter 3:, the measured average thickness of the LDPE walls 
of the panel was 3.5 mm, and the foam had a consistent thickness of 50 mm. The 
foam is injected to fill the entire void within the rotomolded panel, with the density 
of the foam was measured to be 36 kg/m3. The mass of the PU foam per panel can 
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thus be inferred to be 550 g. The panels featured two holes (Figure 4-11) which were 
used for locating the panel onto the barrier, as described in the previous section. Steel 
bolts, with a diameter of 10 mm, were used to fasten the panel to the frame. Three 
foam-filled panels could be fitted to each longitudinal face of the barrier, though 
during the experimental testing the panels were only fitted to the impact side of the 
barrier.  
 
Figure 4-11 Prototype barrier with mounted foam-filled panels with mounting holes 
at the top of the panels 
4.2.4 Summation of testing specimens 
The barriers that were used in the experimental testing were chosen and 
designed so that they were able to represent a composite, portable road safety barrier, 
utilising a number of different materials including LDPE, PU foam and steel.  
The basis of the composite barrier design was the Centurion Zone Barrier, 
which is manufactured using the rotomolding process. A structural, steel frame was 
designed to be incorporated into the Zone barrier, to provide the barrier with a 
significant increase in stiffness.  
This prototype barrier can be filled with water to act as inertial ballast, with the 
maximum capacity of the barrier being 680 litres. The internal steel frame was 
designed so that three PU foam-filled panels could be mounted to the exterior impact 
face of the barrier.  
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The barrier system was designed such that the experimental impact testing 
would be able to provide data which could be later used to ensure the validity of the 
computational models of the individual components of the composite barrier.  
4.3 DESCRIPTION OF THE IMPACT TESTING SYSTEM 
Assessment of the published literature shows that the functional behaviour of 
road safety devices has typically been assessed by the way of full scale, vehicular 
impact testing (Grzebieta et al., 2004),which is generally carried out according to the 
relevant standards (e.g. NCHRP Report 350 and EN1317). While full scale testing is 
necessary to ensure compliance with local and international standards, the substantial 
cost of the tests and difficulty in obtaining comprehensive measurement data 
detailing the behaviour of the barrier system prevents full scale, vehicular impacting 
testing from being of particular use in the design and development of new road safety 
barriers. 
The FE method is frequently used to construct models of road safety devices 
which can be used to simulate the performance of the devices in certain impact 
simulations. FE analysis is used both in the development of certain road safety 
devices and in assessing the effect of the site-specific installation details (e.g. road 
curvature, curb, vehicle fleet details) on the system’s impact behaviour. However 
before these simulations can be used to inform either the design or installation of 
road safety devices, they must first be validated against some form of experimental 
testing results. Typically, a full-scale experimental impact test is used for the 
validation of the numerical models (Sicking & Mak, 2000).  
The requirement of a full-scale experimental impact test for the validation of 
FE models of road safety devices limits the utility of the models as design and 
development tools. Some empirical equations have been developed to predict impact 
forces and crush details of cars impact into road safety barriers (Grzebieta et al., 
2004), based on the results of previously conducted full-scale impact tests. While 
useful in providing reasonable predictions on the impact behaviour, it is difficult to 
generalise such equations beyond the application that they were specifically 
developed for (in this case, impact into fixed, concrete road safety barriers).  
A repeatable, efficient and inexpensive impact testing system would greatly 
assist in the collection of the fundamental behaviour characteristics of a road safety 
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device during an impact. Such an experimental system would be able to provide 
repeatable and reliable measurements of the systems behaviour at impact levels 
commensurate with those to be experienced when the device are in installation. The 
testing system could be used a comparative tool to assess the impact capabilities of 
various road safety devices and minor modifications to existing designs, given the 
low cost and repeatable nature of the testing. The results from such tests could also 
be used to validate the performance of FE models of the road safety devices, 
removing the need for full scale impacting testing during the early design and 
development process of the devices. 
The experimental testing described in this chapter made use of a new, 
innovative horizontal impact testing system. The testing system features an impact 
rig (Figure 4-12), which uses the expansion of compressed air to propel a carriage 
along a fixed guiderail to impact into the testing specimen. The system is designed to 
be able to assess various structures across a range of impact velocities and impact 
masses.  
  
Figure 4-12 CAD drawing of the horizontal impact testing system 
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4.3.1 Mechanical systems 
The horizontal impact testing system (Figure 4-13) was designed to have the 
capability of propelling an impact mass of 300 kg to a maximum velocity of 8.00 
m/s, giving the carriage a kinetic energy 9.60 kJ.  
The impact mass comprises all the moving components that are part of the 
propelled carriage. In order to fire the impact test system, a steel cylindrical pressure 
vessel is filled to a specified gauge pressure. The gauge pressure, in conjunction with 
the total impacting mass, effectively controls the impact energy of an experiment. 
 
Figure 4-13 Overview of the impact testing system, labelling location of 
accelerometer (A), string potentiometer connection (B) and proximity sensor (C). 
A set of air-spring bellows (Figure 4-14) forms the carriage-side end of the 
pressure vessel. The air bellows and the steel pressure vessel form one continuous 
cavity, acting in effect as an expandable pressure vessel. The extension of the 
bellows is restricted by a shaft attached to a steel plate which forms the carriage-side 
end face of the pressure vessel. The air bellows are terminated on the impact end by a 
steel plate, which seals the pressure vessel. Immediately before the firing of the 
impact test rig, the impact carriage must be located so that its rear face is flush and in 
contact with the end face of the pressure vessel/bellows.  
A 
B
C 
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Figure 4-14 Pressure vessel, air-spring bellows and rear of impact carriage 
  
Figure 4-15 Quick release mechanism with unhitched shackle 
During the filling of the pressure vessel, the rear end of the shaft is fixed in 
placed via a shackle locked into a quick release toggle mechanism at the very rear of 
the rig. This locking mechanism, which is sold commercially as the SeaCatch TR11-
Air (Figure 4-15), is a quick release system featuring an over-centre cam toggle, to 
ensure that the load is not prematurely released. The quick release is opened via a 
pneumatically actuated pin which, when operated, moves the over-centre cam 
upwards, opening the jaws of the SeaCatch, releasing the shackle and its load.  
With the unhitched shackle being free to move, the bellows are extended by the 
expansion of the compressed air with the pressure vessel. This in turn accelerates the 
impact carriage along the two parallel guiderails. The carriage is supported vertically 
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and horizontally on the guiderails by six sets of three bearings (two bearings 
vertically supporting the cart and one providing horizontal support). As such the 
motion of the impact cart is limited to a single translation degree of freedom 
(nominally given as the z-axis throughout this thesis). An impact head is attached to 
the impact end of the carriage via a set of mounting bolts.  
 
Figure 4-16 The crush shaft (A) and the crush tube assembly (B) 
The limit of travel of the impact cart is determined by the length of a shaft 
(designated as the crush shaft) which is attached to steel end plate which terminates 
the air bellows (Figure 4-16). The rear-most face of the impact cart is slotted so that 
the crush shaft can travel through the impact cart. The impact cart features a crush 
tube assembly which functions such that when the cart has travelled a certain 
distance the crush assembly will come into contact with the end of the crush shaft. 
The remaining kinetic energy in the impact cart will begin to crush a hollow 
aluminium tube (diameter of 50 mm, wall thickness of 3 mm and a length of 290 
mm). With a nominal mean compressive load of 60 kN over the effective 
compressive length of 150 mm, the crush tube is rated to absorb 9.00 kJ of energy. 
All experimental impacts tests using this rig are designed such that the crush tube is 
capable of safely absorbing all the potentially remaining kinetic energy of the impact 
cart after the impact has occurred. 
Though the distance that the impact cart can freely travel along the crush shaft 
is 555 mm, this is not the limit of travel of the cart as the crush shaft displaces along 
with the end face of the air bellows. As the maximum extension of the air bellows is 
A  B 
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in the order of 200 mm (dependant on the gauge pressure of the pressure vessel and 
impact cart mass), contact between the crush assembly and the end of the crush shaft 
can potentially occur when the impact cart has travelled a distance between 555 and 
755 mm. 
Knowing the mass of the carriage (103.8 kg) and the mass of the impact head 
for a particular experiment, the additional masses are used to control the impact mass 
for each experiment (Figure 4-17). Additional masses can be mounted to the impact 
cart, immediately behind the impact head. The additional impact masses have a fixed 
geometry and are located using a threaded rod and a fixing nut.  
 
Figure 4-17 The impact head with the added impact masses fixed directly rearward 
As the impacting mass of the carriage and gauge pressure within the pressure 
vessel are set before each experiment, the impact velocity of the carriage is 
effectively a function of these two inputs. A number of calibration and control tests 
were performed before any impact experiments, so that the performance 
characteristics of the system were known. The impact mass and gauge pressure were 
systemically varied so that users could use this data to predict what gauge pressure 
was necessary to achieve a desired maximum cart velocity for a given impact mass. 
It was found that environmental factors such as temperature, humidity and 
cleanliness of the guide rails had minor yet measurable effects on the maximum 
velocity.  
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Figure 4-18 Dimensions (in millimetres) of the impacting head 
The impact experiments detailed in Section 4.4 are designed to represent the 
perpendicular impact of a small vehicle into a various single barrier systems. In order 
to represent the geometry of an impacting vehicle, the impact head seen in Figure 
4-18 was designed and manufactured to be attached to the impact face of the 
carriage. The overall size and shape of the impact head was designed so that it could 
easily and effectively be simulated using the FE method, while still representing the 
generalised shape and size of a vehicle front bumper bar. The head was 
manufactured from tubular hollow structural section steel 273 mm in diameter, with 
a wall thickness of 20 mm. Two hollow, 90° elbow sections were welded to a 400 
mm straight section, with the surface of the head finished to produce a continuous, 
rounded profile. The head was welded to a gusset section which was used to mount 
the impact head to the carriage. The total mass of the impact head was 102.66 kg.  
The rig is anchored to the strong floor via two large bolts which are tightened 
to tie-down two anchor plates located 1220 mm apart from each other. In turn the 
anchor plates fix down the two parallel C-section steel beams, which travel the 
length of the rig.  
The mechanical systems of the experimental impact testing system were 
designed to produce impact energies in the order of 10 kJ. The impact cart, and its 
impact head, is designed to act as a surrogate for impacting vehicles, with its motion 
restricted to a single axis. The mechanical system of the rig provide a platform to 
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conducted experimental impact tests with repeatable impact conditions, which can be 
used to examine the structural response of a wide range of devices.  
4.3.2 Control and safety systems 
Due to the high energy levels present in the system, it was necessary that a 
control system be used to safely operate the impact testing system. The operation of 
the impact testing system centres on the use of a custom LabView program 
constructed specifically for system. Via a dedicated laptop, the LabView program 
managed the pneumatic system which controlled both the filling of the pressure 
vessel and the operation of the quick release mechanism. The LabView program was 
also used to view in real-time and to log the data emanating from the various 
measurement instruments described in the succeeding section. 
The pneumatic system used to fill the pressure vessel and operate the quick 
release mechanism was connected to a compressed air line. The compressed air line 
was regulated to have a maximum 7.00 bar gauge pressure. The air supply to the tank 
was controlled by a number of pneumatic valves which were operated by the 
LabView program.  
In order to begin filling the pressure vessel, the air bellows first had to be fully 
compressed, and the shackle was secured into the quick release mechanism. The 
retraction of the bellows was pneumatically actuated via a physical toggle which 
operated an air extraction valve, creating a negative gauge pressure in the pressure 
vessel. As part of the safety system of the rig, proximity sensors were used to ensure 
that filling of the pressure vessel could only occur when the impact cart was in it 
firing position, the aluminium crush tube was present and the safety pin had been 
removed from the quick release mechanism.  
The filling of the pressure vessel was controlled via the LabView program. The 
program provided a real-time reading of the pressure inside the pressure vessel, and 
the filling could be halted when the desired gauge pressure was achieved. The 
pressure vessel was fitted with two pressure relief valves which would release 
pressure in different circumstances; loss of power to the control system and over-
pressurisation of the pressure vessel. 
The physical instrumentation channels were measured via the use of compact 
data acquisition (cDAQ) system from National Instruments. The cDAQ was fitted 
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with an analogue input module used collect the data channels from the 
instrumentation. The analogue input module allowed for measurement of 250,000 
samples per second, meaning that each channel could be recorded at 50 kHz. 
The pneumatics and electronics of the control and data acquisition system were 
co-located in a movable control cabinet which was positioned to the rear of the 
impact rig.  
The control and safety systems of the impact system were designed so that a 
trained person could safely operate the system, without extensive requirements for 
system setup and procedure generation. This has the effect of greatly reducing any 
barriers to carrying out an experimental impact study, allowing for experimental tests 
to be conducted more regularly and efficiently. 
4.3.3 Impact testing instrumentation and measurement 
The impact testing system features a suite of instrumentation, the function of 
which is to provide data which was used determine the kinematics of the impact 
head, and measure the gauge pressure in the pressure vessel. In developing the design 
of the instrumentation to be used in the impact testing, consideration had to be given 
to the testing physical setup, the mechanical properties of both the testing rig and the 
composite barriers and the desired outcomes of the testing. It was necessary to use a 
number of instrumentation methods to record the kinematics of the impacting 
carriage, as each measuring instrument carried its own inherent limitations (i.e. loss 
of tension in string potentiometer, clipping in the accelerometer data, limited range 
and resolution of proximity probe). A summary of the instruments used in the 
experimental impact testing can be found in Table 4-2, with instrumentation 
locations shown in Figure 4-13. 
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Instrument Units 
Description of 
measurement 
100G accelerometer 
g  
(Standard 
Earth gravity) 
Analogue acceleration of 
cart 
Proximity sensor and 
encoder rail volts 
Digital displacement of 
impact cart 
String potentiometer mm Analogue displacement of impact cart 
Pressure sensor bar Analogue gauge pressure in pressure vessel 
25G accelerometer 
g  
(Standard 
Earth gravity) 
Analogue measurement 
of barrier vibration  
Table 4-2 List of physical channels measured and recorded by the dedicated LabView program 
It should be noted that the primary goal of the physical, experimental 
impacting testing was to provide measurements and data of the testing which would 
later be used to verify a combined FE/SPH model of the composite barrier. While the 
testing provided a considerable amount of fundamental information on the behaviour 
of a composite barrier during a perpendicular impact, it was necessary that the data 
be functional for the validation process of the computational model of the barrier 
(Chapter 5:).  
As noted earlier, the primary metrics to be used in the validation of the 
combined FE/SPH model were related to the kinematics of the impact cart. Due to 
issues regarding accuracy and reliability in their measurement, other metrics were 
not chosen for use in the validation process and hence were not measured. 
Specifically, no measurement of the stress or strain experienced by any part of the 
composite barrier was recorded. Given the magnitude of the strain expected in the 
LDPE outer shell, and the water ballast within the cavity of the barrier, values of 
strain were not expected accurately or reliably measured.  
4.3.3.1 Impact cart accelerometer 
The single-axis accelerometer (Silicon Designs 2260-100 model) was mounted 
to the carriage, just to the rear of the impact head. Although the accelerometer, which 
was rated to have a dynamic range of ± 100 g, was mounted in a location which 
attempted to reduce noise due to environmental vibrations, a significant amount of 
noise was still observed in its signal. The noise found in the signal is a primarily due 
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to vibrations in the box frame of the impact cart. As the vibrations occur at a much 
higher frequencies than the acceleration of the impact cart, it was relatively easy to 
filter out these effects (Section 4.5.1). 
Based upon the relative rigidity of the impact head in comparison with the 
barrier, the filtered acceleration is used along with the known mass of the impact cart 
to determine the impact force experienced by the impact head. The accelerometer 
was calibrated by ensuring it gave readings of ± 1.00 g when the accelerometer’s axis 
of measurement was aligned with Earth’s gravity.  
4.3.3.2 Proximity sensor and encoder rail 
A fixed, inductive proximity sensor was used in conjunction with a toothed 
steel encoder rail, which was mounted to the impact carriage, to provide a digital 
measure of the measure of the carriage’s displacement time history during the 
acceleration and impact phases (Figure 4-19). The teeth on the encoder rail had a 
fixed width of 5 mm and a spacing of 5 mm. Due to the nature of the function of the 
proximity sensor (i.e. the steel teeth changing the current flowing through the sensor 
via a change in the magnetic field), a relative change in displacement of the cart 
could only be calculated between similar teeth edges. For example, a relative 
displacement of 5 mm can only be inferred when comparing a leading-edge of a 
tooth to the leading-edge of an adjacent tooth. This effectively gave two sets of data 
measuring the relative displacement of the cart, each with a resolution of 10 mm, 
which were out of phase from each other by approximately 4 mm.  
 
Figure 4-19 Fixed proximity sensor and the magnetised, toothed rail 
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The fixed encoder rail spanned the length of the box frame of the impact cart. It 
was necessary to ensure that the teeth of the rail lay horizontal so that a consistent 
gap of 2 mm was kept between the teeth and the proximity sensor. This was achieved 
using spacing washers, where the rail was mounted to the frame of the cart. 
The binary and digital natural of the proximity sensor’s output was particularly 
useful in assessing the accuracy of both the accelerometer and the string 
potentiometer measurements. The data taken from the proximity sensor was used to 
give a measure of the relative displacement and the absolute velocity of the impact 
cart. 
4.3.3.3 String potentiometer 
A string potentiometer (Firstmark Controls model number 62-55-8442) (Figure 
4-20) was used to measure the absolute displacement of the barrier during the tests. 
The potentiometer was mounted to a beam on the impact end of the fixed frame of 
the impact rig, with the moving end of the wire string secured to the rear end of the 
impact cart. The string was at maximum extension when the cart was at the home 
position (i.e. flush against the empty air bellows) and retracted into the potentiometer 
housing as the cart was displaced forward. The potentiometer was arranged this way 
so that the sudden deceleration of the cart during impact would result in an increase 
in the tension of the wire, rather than inducing a compression wave in the wire. This 
arrangement was also found to reduce the chance of the wire incorrectly tracking on 
the internal drum within the housing of the potentiometer. 
The signal from the string potentiometer featured a significant amount of noise 
(in the order of 0.8 mm when the cart was static). A simple moving average filter 
was applied to the raw signal to produce useable results. The filtered displacement 
measurement from the potentiometer could be used to derive the velocity of the cart, 
although the inherent noise meant a second derivation of the displacement (i.e. the 
cart’s acceleration) was dominated by noise artefacts.  
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Figure 4-20 Mounted string potentiometer 
The output of the string potentiometer was calibrated based on the fixed 
distance of travel of the cart (555 mm) between the cart’s home position and when 
the crush assembly was in contact with the end of the crush shaft. 
4.3.3.4 Pressure sensor 
A pressure sensor was mounted to the pressure vessel, so that the gauge 
pressure could be actively monitored via the LabView control program. The output 
of the pressure sensor was calibrated against the readings of a physical gauge 
attached to the pressure vessel. 
4.3.3.5 Barrier accelerometer 
A 25 g single-axis accelerometer (Silicon Designs 2260-025 model) was 
attached to the extremity of the experimental barrier testing specimens as a method 
of determining the first instant at which the impact head contacts the barrier. The 
accelerometer was calibrated to give readings of ± 1.00 g when the accelerometer’s 
axis was aligned with gravity.  
The accelerometer was located to one of the connectors of the barrier. An 
aluminium mounting plate was attached to the barrier using an epoxy adhesive, with 
the accelerometer then mechanically fastened to the mounting plate.  
Though the accelerometer was useful for determining the instant of impact 
between the impact head and the barrier, it measurements were not able to be used in 
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the verification of the combined FE/SPH model of the barrier in Chapter 5:. This was 
due to imprecise locating of the mounting plate, the connector of the barrier being 
slightly angled to be exposed to gravity and the transmission of other vibrations to 
the barrier. 
4.3.3.6 High-speed camera 
A high-speed camera was used during the experimental testing to provide 
reference footage of the experimental impacts. The footage (shot at 170 frames per 
second) was examined by the researcher to reveal any particular problems that may 
have occurred during an impact. While it was initially planned to use the high-speed 
footage to study the kinematics of the impacts, it was found that the conditions of the 
testing environment (i.e. low light) and the quality of the camera lens available (i.e. 
poor focusing) meant that the footage from the camera was not suitable for use as a 
primary data set for the validation of the computational model of Chapter 5:.  
4.3.3.7 Instrument verification 
As part of the characterisation testing of the impact system mentioned in 
Section 4.3.1, the data from the cart mounted accelerometer, the string potentiometer 
and the proximity sensor were recorded. These results were analysed to calculate the 
velocity of the cart. The characterisation tests involved impacting into a reinforced 
rubber bumper, which was fixed to a vertical steel column. A number of different fill 
pressures and impact masses were used in the characterisation process, to determine 
the dependence of the maximum velocity on the pressure and impact mass. The 
calculated velocity time histories of the impact carriage can be seen in Figure 4-21 
for a pressure vessel fill of 2.00 bar and an impact mass of 300 kg, with very good 
correlation found between the three measurement methods (n.b the proximity sensor 
data shown in Figure 4-21 was recorded with a shorter encoder rail than was used in 
the experimental impact testing). During the characterisation testing of the impact 
testing system, the impact rig was found to be capable of impact energies up to 10.43 
kJ (i.e. an impact mass of 300 kg and a maximum velocity of 8.34 m/s). 
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Figure 4-21 Comparison of velocity of impact carriage from various measurement 
methods 
The instrumentation used in the experimental impact testing system provides 
methods for the safe operation of the system, and for measuring the kinematics of the 
impact cart during a test. The instruments described in this section, once properly 
calibrated, can be used to record data which can be used to characterise the 
performance of a system during impact. The impact rig has been designed so that, in 
addition to the instruments describe, supplementary instruments can be adding and 
integrated as part of the setup. Such devices are dependent on what object is being 
investigated and can include load cells, laser-speckle displacement transducers and 
strain gauges. 
4.4 TESTING METHODOLOGY AND EXPERIMENTAL SETUP 
4.4.1 Testing background 
While the experiments will provide a considerable amount of data which can 
be used to investigate the behaviour of the composite barrier system, the testing 
process was chiefly designed to produce metrics which can be used in the 
computational model validation process.  
The experimental setup and testing regime was principally informed by the 
requirements of the validation process, and in turn, the validation process of the 
model was dictated by the intended use of the model (Chapter 6:). To be able to 
ensure that a numerical model of any system will produce functional and accurate 
results, the conditions under which the model will be used must first be understood.  
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The validated computational model of the composite barrier is to be used as a design 
tool, which can be used to examine certain design aspects of a composite barrier, 
including the efficacy of polymeric foams as an impact mitigating material in the 
barrier, the role of the water ballast in a composite barrier and the importance and 
function the various components of the barrier system. The boundary conditions in 
this computational design study are informed by the testing criteria in NCHRP 
Report 350, with the structural and inertial responses of the barrier paramount to the 
overall performance of the system. 
Before the impact behaviour of an array of barriers can be examined, the 
performance of individual barrier units must first be understood. The study detailed 
in Chapter 6: examines an isolated, single composite barrier system under 
perpendicular impact. The simulations are used to assess important design 
considerations and consider the barrier as an isolated, impact mitigation device.  
A perpendicular impact into a barrier can be considered the “worst case 
scenario” impact for a road safety barrier system. The relevant international 
standards (i.e. NCHRP Report 350 and MASH) assess barrier systems with vehicular 
impacts at angles up to25° (Figure 2-1), where only a portion of the vehicle’s kinetic 
energy is required to be absorbed, as the vehicle is redirected away from the barrier 
system with a reduced velocity. In a perpendicular impact, the entirety of the 
vehicle’s kinetic energy must be momentarily absorbed, with the working width of 
the barrier, the vehicle’s peak deceleration and final velocity all being required to be 
effectively managed. In a perpendicular impact where the barrier is restrained, the 
structural capacity of the barrier can be fully exposed. 
Based upon the requirements of the validated combined FE/SPH model of the 
composite barrier, the experimental testing environment and testing regime were 
designed to produce data which could be used to ensure validity of the computational 
model of the composite barrier and its individual components. The data recorded 
from the instruments described in Section 4.3.3 can be used to validate the capacity 
of the computational model to represent the structural response of the barrier during 
impact.  
The behaviour of any composite structure is dependent on both the behaviour 
of its individual components and the interaction between these components. In order 
to assess the validity of both the model of the composite barrier and its individual 
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components, the testing regime was constructed so that the effect of the individual 
components of the barrier (i.e. the LDPE outer shell, the internal steel frame, the 
water ballast and the foam-filed panels) on the barrier’s impact behaviour could be 
isolated and would affect the recorded response in an iterative manner.  
4.4.2 Experimental testing environment 
The structural integrity and structural characteristics of a portable road safety 
barrier are paramount in determining the success and function of a new design of 
barrier. A barrier installation is required to safely redirect an impacting errant 
vehicle, along with the safe deceleration of the vehicle. The effective bending and 
lateral stiffness of the barrier, in conjunction with its inertial mass, play a very 
important role in the development of the reaction forces required to safely decelerate 
and redirect the vehicle.  
In order to develop measurement data which could be used to assess the 
validity of the computational model’s structural response, the testing environment 
was designed to ensure that the structural characteristics of the experimental 
specimens dominated the impact response. To accomplish this, a lintel made from 
structural steel was fixed between two vertical columns, with the lintel angled so that 
its bottom face was parallel with the main face of the test barrier (Figure 4-22). The 
angled lintel was also supported by four steel brackets, which were connected to the 
vertical columns to assist in achieving the required angle for the lintel. During the 
tests, the barrier specimens were centrally located in-line with the centre of the 
impact rig, with the rearward main face of the barrier incident with the angled face of 
the lintel. In this testing environment, the motion of the barrier was restricted by the 
support of the angled lintel, allowing the structural characteristics of the barriers to 
dominate the impact response. The contact face of the lintel measured 265 x 2200 
mm. An impact mass of 300 kg was used, and the height of the initial contact was 
585 mm above the floor surface. 
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Figure 4-22 Experimental impact testing environment  
As the computational simulations of the impact experiments suggested that 
fracture of the LDPE shell may occur during the impacts, certain precautions were 
taken to protect the testing environment from water ballast that could escape from the 
barrier. Bolt holes on the strong floor were sealed with a silicon-based adherent, and 
bunding was installed around the testing environment to control the flow of the 
escaped water ballast.  
The experimental impact testing environment was designed so that the 
structural characteristics of the composite barrier would dominate the impact 
response. The testing environment and impact conditions of the experimental tests 
were designed so that the effective structural capacity of the barrier would be 
reached. The results of this testing could be used to assess the capability of the 
computational model of the barrier to represent the barriers’ response during 
destructive impacts accurately.  
4.4.3 Summary of impact testing regime 
A number of impact tests were performed using different specifications of the 
composite barrier so that the effect of the individual components could be found in 
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the output data. In total, four impact tests were carried out, with the barrier test 
specimen being altered for each test. The testing regime is summarised in Table 4-3. 
 Barrier specification 
Fill 
pressure 
Impact 
velocity 
Test 
identifier 
LDPE 
outer 
shell 
Internal 
steel 
frame 
Water 
ballast
Foam-filled 
panels 
bar (m/s) 
S-1 ✔    3.48 6.234 
S-2 ✔ ✔   4.15 6.915 
S-3 ✔ ✔ ✔  4.27 6.974 
S-4 ✔ ✔ ✔ ✔ 4.26 7.024 
Table 4-3 Summary of experimental impact testing regime and impact conditions 
The testing regime was designed to be able to assess the effect of individual 
components within the composite barrier via iterative additions to the standard 
Centurion barrier (i.e. tests S-1 through to S-4). The iterative addition of individual 
components allows the additive effect of the specific component to be determined via 
comparative analysis of the results.  
The impact velocities listed in Table 4-3 come from the analysis of the data 
recorded on the kinematics of the impact cart by the instrumentation. The listed value 
is the calculated velocity at the time of initial contact between the impact head and 
the barrier specimen. The time of initial impact was determined based upon the 
response of the 25 G accelerometer mounted to the barrier. The impact velocities 
were chosen based upon the capabilities of the impact rig, the arresting potential of 
the barrier being examined and an assessment of potential risks and hazards 
associated with the testing. For example, test S-1 featured a lower impact velocity 
than the other tests, as the empty LDPE barrier provided very little impact energy 
absorption. Hence the peak kinetic energy of the impact carriage was reduced for this 
test to minimise the chance of damage occurring to the impact testing system, but the 
test still provided functional data. 
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4.5 RESULTS 
In this section the results of the four experimental impact tests are presented 
and discussed, in addition to an examination of the methods use in analysing and 
interpreting the raw experimental data. While this chapter is a report of the 
experimental process, this section does not feature an exploratory analysis of the 
composite barrier’s response during impact. This discussion can be found in Chapter 
5:, where the validated computational model of the barrier presented in this chapter 
allows for a more thorough investigation into the barrier’s impact behaviour is 
undertaken.  
4.5.1 Data analysis and preparation 
As previously described in Section 4.3.3, the logged data channels contained 
reasonable amounts of noise. This noise can be seen in Figure 4-23 in the 
measurements of the acceleration and displacement while the cart is at rest. As the 
proximity sensor output was digital, it was not subject to noise. 
 
Figure 4-23 Example noise for 100 G accelerometer and string potentiometer signals  
In order to produce reasonable results which could be used to determine the 
velocity time history of the cart and in the verification of computational model of the 
barrier, it was necessary that the raw data be filtered. A simple moving average 
filtered was constructed an applied to the results. The equation used for the moving 
average filter was: 
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where f(t) is the filtered result at time t, g(k) is the unfiltered data at time k, and Δt is 
the length of the averaging window. The filtering was required to achieve two 
purposes: smooth the string potentiometer data such that it could be used to calculate 
a meaningful plot of the cart’s velocity time history and to minimise the noise in the 
raw accelerometer signal while ensuring that the velocity and displacement 
calculated from the filtered acceleration would show good agreement with the other 
sensors. It was found that an averaging window of 0.01 seconds provided the 
filtering necessary of both the raw displacement plot and raw accelerometer data to  
establish accurate correlation between the between the displacement and velocity 
time histories calculated from the cart accelerometer, the string potentiometer and the 
proximity sensor output, with an example of the velocity correlation taken from the 
commissioning process found in  Figure 4-21. As this filtering was performed on the 
metrics used for verifying the computational model of the barrier, the same filter was 
also applied to the outputs of the simulations seen the Chapter 5:. Examples of the 
unfiltered and filtered plots of the cart accelerometer and string potentiometer can be 
seen in Figure 4-24 and Figure 4-25, taken from test S-1.  
Given the relative stiffness of the impact head compared with the composite 
barriers, it can be appropriately assumed that the impact head acted as a rigid body 
during the impact. Based upon this assumption and knowing the mass of the impact 
cart, the filtered acceleration time history could be used to determine the force acting 
upon the impact head in its direction of motion during the impact (Fz) using 
Newton’s second law.  
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Figure 4-24 Unfiltered and filtered accelerometer data from test S-1 
It can be seen in Figure 4-24 that the filtering process significantly alters the 
time history of the data recorded from the cart-mounted accelerometer. It is however 
noted that the larger spikes in the unfiltered acceleration data are consistently 
mirrored, indicating that they are not true measurements of the cart’s acceleration. 
Rather the mirroring of the acceleration data indicates that the accelerometer is 
measuring the vibrations in the cart’s frame.  
Of secondary note is the period between 0.18 and 0.22 seconds, where the 
unfiltered results fluctuates between ±120 g. This is a result of the acceleration 
experienced by the accelerometer exceeding its measurable range, known as signal 
clipping (n.b the nominal range of the accelerometer was ±100 g, though the 
functional range was found to be ±120 g). This indicates that the magnitude of the 
actual accelerations experienced in this period may be in excess of 120 g (e.g. signal 
clipping). The cause of this clipping and its implications are further discussed in the 
succeeding section. 
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Figure 4-25 Unfiltered and filtered string potentiometer data from test S-1 
Visual inspection of Figure 4-25 shows the noise in the unfiltered displacement 
signal from the string potentiometer relatively insignificant. However the raw time 
history still must be filtered in order to have a sufficiently smooth result which can 
be derived to calculate the velocity of the cart. The filtered displacement time history 
was however still too noisy to derive a meaningful acceleration history. 
An example of the raw voltage output from the proximity sensor measuring the 
displacement of the encoder rail (and hence the impact cart) can be seen in Figure 
4-26. The digital nature of the signal can be easily seen in this figure. As mentioned 
in Section 4.3.3.2, only comparisons between similar voltage jumps can be made to 
determine a change in the relative displacement of the cart (e.g. a positive jump in 
the voltage cannot be contrasted with the drop in voltage). This signal could be used 
to derive the relative displacement of the barrier and an instantaneous value of the 
velocity, but the data resolution was too low to develop a useful acceleration history. 
It is noted here that for tests S-1 and S-2, due to unforeseen issues concerning the 
instrumentation wiring, the output signal from the proximity sensor was not able to 
be used to determine the relative displacement or the absolute velocity of the cart. 
However, the proximity sensor data was able to be used in tests S-3 and S-4. 
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Figure 4-26 Voltage signal of proximity sensor from test S-4 
The impact velocities detailed in Table 4-3 were determined using the cart 
velocity calculated from the cart-mounted accelerometer and the time history of the 
output from the barrier-mounted accelerometer. Figure 4-27 shows how the output 
from the barrier mounted accelerometer was used to determine the velocity at initial 
instant of impact. It can be seen that between times 0.02 and 0.08 seconds (i.e. during 
the acceleration of the impact cart), the accelerometer had an output in the order of 
±2 g. This output is due vibrations caused by the acceleration of the impact cart 
transmitting through the floor and into the barrier. At time 0.08216 seconds the 
output of the accelerometer drastically increases to have a magnitude greater than 5 
g. This increase indicates that contact between the impact head and the barrier has 
begun, and the velocity of the cart at that time is recorded as the nominal impact 
velocity.  
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Figure 4-27 Determination of impact velocity for test S-3 
4.5.2 Experimental impact results 
In the subsequent sub-sections the results of the experimental impact tests are 
presented. Graphs displaying the time history of the impact cart’s kinematics 
(specifically the displacement and velocity) and the force acting upon the impact 
head during the impact (FZ) are presented in this section. Data is also given on the 
calculated energy absorbed by the barrier in addition to images conveying the 
damage to the barriers resulting from the impacts. 
The succeeding section discusses and analysis the results in terms of their 
accuracy and limitations. A small discussion of the indivudal barrier’s physical 
response is detailed, with a more in-depth discussion on the impact mechanisms 
found in Section 5.7, where the validated computational model of the composite 
barrier is able to better inform the analysis. 
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4.5.2.1 Test S-1 
 
Figure 4-28 Time histories of displacement for test S-1 
 
 
Figure 4-29 Time histories of velocity for test S-1 
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Figure 4-30 Time history of contact force on impact head for test S-1 
 
4.5.2.2 Test S-2 
 
Figure 4-31 Time histories of displacement for test S-2 
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Figure 4-32 Time histories of velocity for test S-2 
 
 
Figure 4-33 Time history of contact force on impact head for test S-2 
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4.5.2.3 Test S-3 
 
Figure 4-34 Time histories of displacement for test S-3 
 
 
Figure 4-35 Time histories of velocity for test S-3 
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Figure 4-36 Time history of contact force on impact head for test S-3 
 
4.5.2.4 Test S-4 
 
Figure 4-37 Time histories of displacement for test S-4 
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Figure 4-38 Time histories of velocity for test S-4 
 
 
Figure 4-39 Time history of contact force on impact head for test S-4 
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4.5.2.5 Combined results 
 
Figure 4-40 Impact force time histories for all experimental impact tests 
 
Initial cart kinetic 
energy 
Final cart kinetic energy 
Test identifier kJ kJ % of initial energy 
S-1 5.83 0.152 2.61% 
S-2 7.17 0.654 9.12% 
S-3 7.30 0.452 6.20% 
S-4 7.40 0.311 4.20% 
Table 4-4 Comparison of initial and final cart kinetic energies for all experimental impact tests 
4.5.3 Discussion of results 
While the data presented in Section 4.5.2 was primarily to be used in the 
validation of the combined FE/SPH model in Chapter 5:, it is necessary that the 
experimental results are presented in context, and that some explanation is given to 
the performance of each barrier during the impact testing. This section gives 
additional context for each test, describing important aspects of the barrier behaviour 
during impact, along with describing some aberrations in the results. Again, it is 
noted that the mechanics of the impacts are further examined and discussed in 
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Chapter 5:, where the validated computational simulations of the experimental tests 
allow for a more informed discussion. 
Figure 4-28 and Figure 4-29 present, respectively, the displacement and 
velocity time histories of the impact cart from the moment of firing for Test S-1. It 
can be seen in these graphs that there is a large difference between the displacements 
and velocities calculated by the string potentiometer and the cart-mounted 
accelerometer. This variation is due to the ‘clipping’ of the accelerometer data (as 
seen in Figure 4-24 and discussed in 4.5.1). This clipping is due to the high 
deceleration that the cart experienced at its maximum displacement. 
As seen in Table 4-3 and Table 4-4, the initial impact energy of the cart in Test 
S-1was considerably less than that used in the other tests. The test was run with a 
lower impact speed as it was expected that the LDPE outer would provide relatively 
minor impact resistance and that the cart would travel on with very little deceleration 
in the first period after contact. This is evidenced by the impact force time-history 
presented in Figure 4-30. This figure shows that contact force remains relatively low 
until time 0.05 seconds, where the load exponentially increase, coinciding with the 
accelerometer output clipping in Figure 4-24. After the peak at 131 kN, the filtered 
contact force reduces to fluctuate around zero within 0.009 seconds.  
 
Figure 4-41 Post-impact deformation of the Test S-1 specimen 
Inspection of the post-impact barrier (Figure 4-41) and the high-speed 
reference footage shows that the impact head fractures a large portion of the impact 
surface. The exponentially spike in the contact force is due to the impact head and 
the supporting lintel being in indirect contact, with only a single panel of the LDPE 
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wall separating the two. This relatively rigid contact has caused the accelerometer’s 
output to clip during this period; hence the accelerometer’s output cannot be directly 
used to infer the kinematics of the impact cart. This problem is further explored, 
along with the mechanics of the impact in Section 5.7.6. 
The barrier specimen used in Test S-2 featured the LDPE outer shell in 
addition to an internal steel frame. This test was notable for resulting in very little 
fracture of the barrier specimen, with only very minor splitting occurring along a 
small portion of the mold split-line of the LDPE outer shell. There is very good 
correlation between the displacements (Figure 4-31) and velocities (Figure 4-32) 
calculated from the string potentiometer and accelerometer data. A minor difference 
is observed in the velocity time-history, which is due to the propagation of tensile 
wave from the wire sting of the potentiometer during impact. The contact force time-
history (Figure 4-32) exhibits two local peaks, with the latter peak having the 
absolute maximum value of 91.1 kN. This is significantly lower than the maximum 
force experienced in Test S-1, highlighting the effect of the essentially rigid contact 
that occurred in Test S-1. 
The testing specimen of Test S-3 was that of Test S-2 with 475 litres of water 
ballast added. Again there is good correlation between the displacement (Figure 
4-34) and velocity time histories, with the plot of velocity featuring the data from the 
proximity probe (Figure 4-35). The time-history of the velocity calculated from the 
proximity probe’s output indicates a large fluctuation 0.03 seconds after impact. It 
was found that this was due to the cart experiencing a very minor motion in the 
vertical direction immediately after impact. The motion (in the order of 2 mm 
upwards), while having a negligible effect on the impact mechanics, is enough to 
disrupt the readings from the proximity probe. As with Test S-2, the impact force 
(Figure 4-36) features two distinct local maxima, though the difference between 
these two values (36.2 and 53.5 kN) is much less than found in Test S-2 (27.8 and 
91.1 kN) 
   
Chapter 4: Experimental impact testing of a composite road safety barrier  139 
 
Figure 4-42 Fracture of LDPE shell of Test S-3 specimen 
As seen in Figure 4-42, fracture of the LDPE shell occurred at the bottom edge 
on the rear-facing side during impact. Due to this relatively small fracture (in 
comparison with the fracture seen in Test S-1), the water ballast escaped from the 
barrier. The outflow of the water was relatively minor during the impact, and had a 
relatively minor, though appreciable, effect of the impact force time-history. 
The final experiment, Test S-4, featured the same barrier as Test S-3 with three 
foam-filled panels attached to the impact side of the LDPE shell.  With the highest 
impact energy of all the tests, the instrumentation was able to still provide useful and 
sound data on the kinematics of the impact cart (Figure 4-37 and Figure 4-38). The 
foam-filled panels had a significant effect on the contact force between the barrier 
and the impact head; while there were still two local peaks in the time history, the 
first peak had a greater magnitude than the latter peak (42.0 kN versus 35.1 kN, 
respectively).  
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Figure 4-43 Fracture of LDPE shell of test specimen used in Test S-4 
As with Test S-3, fracture occurred on the rearward bottom edge of the barrier 
during impact (Figure 4-43), though the size of the fracture was much larger in this 
experiment. This meant that outflow of the water ballast was much greater than in 
Test S-3. Analysis of the high-speed reference footage shows that the majority of the 
450 litres of ballast escaped from the barrier within 30 seconds.  
4.5.4 Experimental impact testing summary 
The experimental impact testing presented in this section uses the innovative 
horizontal impact testing system of Section 4.3 in accordance with the experimental 
testing methodology presented in Section 4.4, to provide data which can be used to 
describe the response of the composite barriers described in Section 4.2 during 
impact. The methods of data analysis and preparation presented at the start of this 
section ensured that the experimental results can be used to provide metrics which 
can be used in the validation process of the computational model presented in 
Chapter 5: 
4.6 ASSESSMENT OF FRICTIONAL RESPONSES 
In additional to the experimental impact testing, it was also necessary to 
perform an experiment to assess the frictional characteristics of the composite 
barrier. The values of the static and kinetic coefficients of friction between the LDPE 
outer shell of the barrier and the concrete floor were required so that they could be 
used in the simulation of the impact experiments described in Chapter 5:. 
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4.6.1 Experimental procedure 
As the friction between the barrier and the concrete floor was to be modelled as 
Coulomb friction (i.e. kinetic friction is independent of translational velocity) in the 
numerical simulation, it was necessary to perform experiments which would 
determine both the static and kinetic friction coefficients.  
In order to determine the frictional coefficients, a barrier with a known mass 
was would be pulled along the concrete floor. A rigging strap was connected to the 
barrier, which was connected to a load cell, which was itself connected to the forklift 
used to pull the barrier. The load cell was a HBM S9 S-type transducer with a 
capacity of 10 kN. Calibration of the load cell was ensured by using a set of known 
masses up to 50 kg. The load cell was pulled using two rod end fixtures to ensure 
that the load was applied in perfect tension, and a spirit level was used to ensure that 
the tension was applied horizontally (Figure 4-44).  
 
Figure 4-44 Free body diagram of the barrier (orange) during the friction experiments 
The 25 G accelerometer was attached to the barrier and located such that it 
would measure the acceleration in the direction of the applied load. The load cell and 
accelerometer were connected to the cDAQ system of the horizontal impact testing 
rig, with the output being recorded by a LabView program at 50 kHz. 
Four tests were performed using two barriers (standard Centurion barrier and a 
prototype barrier with internal steel frame) with two different known masses. The 
four tests were conducted to determine if the warping found in the retro-fitted 
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prototype barrier would induced any change to the frictional properties of the barrier, 
especially when the barrier had a low mass. The two known masses were 80.0 and 
230 kg, which were achieved using adding water ballast until the desired mass was 
achieved. 
Based upon the free body diagram of the barrier in Figure 4-44, the static 
coefficient of friction, µs, was calculated using the following formula: 
	
mg
F
s  ,	 Eq.		4‐2	
where F is the maximum applied horizontal load while the barrier is static, m is the 
mass of the barrier and g is the acceleration due to gravity. The kinetic friction 
coefficient, µk, was calculated using the same formula, though the value of F was 
taken while the barrier had a forward velocity but its recorded acceleration was zero, 
as determined via the data recorded from the barrier-mounted accelerometer.  
4.6.2 Results and friction values 
The calculated frictional coefficients for each of the four tests are found below 
in Table 4-5. 
Barrier type Total mass 
Static coefficient 
(µs) 
Kinetic coefficient 
(µk) 
Centurion 
standard 
80.0 0.310 0.261 
Centurion 
standard 
230 0.311 0.258 
Retro-fitted 
prototype 
80.0 0.243 0.238 
Retro-fitted 
prototype 
230 0.306 0.267 
Table 4-5 Comparison of initial and final cart kinetic energies for all experimental impact tests 
It can be seen in the above table that all the tests, excepting the test using a 
prototype barrier with a total mass of 80.0 kg, had consistent values for the friction 
coefficients. The aberrant result from the low-mass, prototype barrier tests is deemed 
to be caused due to the warping of the LDPE shell found in the prototype barriers.  
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With a relatively small amount of water ballast in the barrier, the bottom face 
of the barrier is found to contact the concrete floor in only a limited area (locally 
around the four corners of the barrier). As the barrier is further filled with water, the 
bottom surface of the barrier flattens out due to the mass of the water ballast. Thus, at 
the higher mass of 250 kg, the standard and prototype barrier have near identical 
values for both the static and kinetic coefficients of friction. With this result taken 
into account it can be seen that the average values for the static and kinetic 
coefficients of friction between the LDPE barrier and the concrete floor were 0.309 
and 0.269, respectively.  
4.7 CONCLUSIONS AND IMPORTANT FINDINGS 
In this chapter the experimental impact testing of a composite road safety 
barrier was detailed. The innovation in the testing method, design of the composite 
barrier, testing regime and the results were all presented and discussed. 
The horizontal impact testing system described in this chapter was used to 
assess the response of the composite barrier during a destructive impact. The design 
of the impact testing system is innovative in that it allows for repeatable, horizontal 
impact tests to be performed into a range of impact specimens with kinetic energies 
up to 10 kJ. The impact system provides a number of different methods to measure 
the kinematics of the cart, and other instrumentation can be combined with the 
system to assess the performance of the test specimen. This testing system allows for 
investigators to determine the impact response of a structure in a controlled 
environment with repeatable impact conditions, providing data which can both 
inform as to the system’s impact performance and be used in the validation of a 
computational model of the system. 
The composite, portable road safety barrier was described in detail in this 
chapter. The barrier consisted a LDPE exterior shell (based upon the Centurion Zone 
barrier), an internal steel frame, water ballast and three externally mounted foam-
filled panels. The composite barrier was designed such that it would provide data on 
the effects of the individual components, which could be used in the process of 
validation of a computational model. 
Four experimental impact tests were performed, each using an iterative 
variation of the composite barrier. The experimental testing was organised such that 
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the structural capacity of the barrier under impact would be assessed. An angled 
support structure was installed rearward of the barrier specimen so that the inertial 
characteristics of the barrier would be suppressed and the structural properties of the 
barrier would dominate the impact response. 
The data from experimental tests was used to determine the kinematics of the 
impact cart and impact force time-history. Some instances of instrumentation error 
were identified, and their causes and subsequent effects were identified and 
discussed. The barrier’s performance in each test was briefly analysed and described, 
and the data presented in this chapter will subsequently be utilised in Chapter 5: to 
assess the validity of the combined FE/SPH model of the barrier. A study of the 
frictional behaviour between the LDPE outer shell and the concrete ground was 
detailed, the results of which will also be used in Chapter 5:, which will also feature 
an in-depth study into the deformation mechanisms that occur within the barrier 
during the impact.  
The experimental process and methods presented in this chapter show that the 
isolated impact testing of road safety devices is feasible alternative to full scale, 
vehicle impact tests in assessing the impact capacity of a barrier in the early stages of 
its development. The data produced from this testing is later used in the validation of 
the combined FE/SPH model of the composite barrier.  
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Chapter 5: Development and validation of 
the numerical simulation for a 
road safety barrier 
5.1 INTRODUCTION 
It was shown in Section 2.2 that there is a considerable amount of literature 
available concerning the modelling and simulation of fixed and rigid road safety 
devices using the FE method. Many pieces of road safety hardware have been 
studied using explicit dynamic FE solvers, including guardrails (Martin & Wekezer, 
1998), portable concrete barriers (Atahan, 2006) and wire rope safety barriers (Reid 
& Hiser, 2003). There is however very little available information on the 
computational modelling of portable, flexible road safety barriers and no published 
research on using FE methods to model water filled road safety barriers.  
This chapter details the research carried out in the construction of the combined 
FE and SPH model of the composite road safety barrier as described and 
experimentally tested in the previous chapter, along with the model verification and 
validation processes. In conjunction with the PU FE material model detail in Chapter 
3:, the computational model has been constructed in order to create a numerically 
stable and efficient representation of a composite, water filled road safety barrier 
which accurately represents the response of the barrier. 
The work presented within this chapter contributes to the available literature 
through the following primary outcomes: 
1) The creation of robust, efficient and representative finite 
element/smooth particle hydrodynamic models of individual 
components of a composite road safety barrier. 
2) Construction of a combined FE/SPH model of a composite road safety 
barrier from the individual components. 
3) The validation and verification of the computational model of a 
composite barrier subjected to impact. 
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In order to achieve these outcomes, geometric and material models were 
constructed for all of the components of the barrier. Using LS-DYNA v971 as the 
numerical solver, FE models were constructed for the structural elements (i.e. LDPE 
outer shell, internal steel reinforcing frame and polymeric foam-filled outer panel), 
while a SPH model was used for the simulation of the water ballast. The individual 
components were assembled and are examined to ensure their numerical stability. 
Once stability and accuracy of the models were ensured, they were merged in order 
to create an efficient and effective combined FE and SPH model of the composite 
barrier. The impact system and the testing environment of Chapter 4: was 
represented in simulations of the experimental testing. The results of these 
simulations were then compared against measurements taken from the experimental 
tests in order to assess the validity of the combined model of the composite barrier. 
In addition to the creation of FE and SPH simulations, material models for the 
LDPE shell and steel frame were created. As noted in Chapter 4:, the composite 
barriers were received without specific details regarding the materials used in its 
construction. It was therefore necessary that the materials be experimentally tested 
and examined so that numerical material models could be designed for use in LS-
DYNA. The process of experimental testing of the materials and generation of the 
material models are detailed within this chapter. 
The research detailed within this chapter directly uses the results of Chapter 3: 
and Chapter 4: in the construction of the combined FE/SPH model and the validation 
process. The work in these two chapters contributes directly to the originality of the 
study. The use of polymeric foams as an energy absorbing material in a portable road 
safety barrier has never been directly assessed or quantified with numerical studies 
being limited to validating experimental compression tests, rather than examining the 
foam’s use a functional component in a system. Repeatable methods for horizontal 
impact testing are scarce, with very little experimental data in existence for 
perpendicular impacts into road safety barriers. Validation of the combined 
numerical model of a horizontal impact will attest to the use of a horizontal impact 
rig in developing numerical impact models and in product design and evaluation. 
The development and validation of the combined FE/SPH model is necessary 
so that comparative and investigative design studies of a portable, flexible road 
safety barrier can be performed computationally. There are significant cost and time 
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savings to be found in using computational methods in the design and development 
of road safety devices, in opposition to the significant cost of full-scale vehicular 
impact testing. Chapter 6: investigates and demonstrates the possible uses of the 
validated, combined FE/SPH model of the road safety barrier.  
As noted in Section 2.2.3, the validated and verification of any computational 
model are necessary and important processes. LS-DYNA is a commonly used multi-
physics simulation package with FE and SPH solvers. With a 25 year history, the 
package has undergone numerous studies to ensure that it is code verified. Each of 
the computational models of the various components of the barrier undergoes its own 
calculation and verification in the form of convergence studies. Finally, the validity 
of the combined FE/SPH model of the barrier is assessed by comparing the results of 
the experiments found in Chapter 4: and simulations of those experiments. 
5.1.1 Chapter outline 
The contribution of this chapter can be broken down in to two, broad parts; the 
development of the combined FE/SPH model of the composite road safety barrier 
and the validation of the combined FE/SPH model. 
Sections 5.2, 5.3, 5.4, 5.5 and 5.6 discuss the development of the model. The 
four structural components of the barrier and their development processes are each 
described in their own section (Sections 5.2 through 5.5) with Section 5.6 combining 
these models to form the combined FE/SPH model of the prototype composite road 
safety barrier. Each of these sections highlights the important function properties of 
the individual models and describes the processes and engineering choices made in 
developing the material models, elemental formulations and geometric 
representations of the barrier’s sub-components. 
The models developed in this chapter are constituted such that they will 
accurately represent the impact response of the composite barrier used in Chapter 4, 
the structural characteristics of the components dominating the response. Of 
particular importance in the accurate simulation of the barrier’s response is ensuring 
that the material formulations utilised are able to accurately represent the important 
behaviours of the materials they are modelling. 
Section 5.7 discusses the development of the simulations that are used to 
represent the experimental tests presented in Chapter 4. The results of these 
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simulations are then compared against the data from the experimental tests, to assess 
the computational validity of the computational model of the composite barrier. In 
discussing and comparing the results from the simulations some important impact 
mechanics of the composite, portable road safety barrier are presented and discussed. 
With the validity of the model having been ascertained, the model is used in 
Chapter 6 as part of an exploratory and comparative design study. 
5.2 DEVELOPMENT OF FINITE ELEMENT MODEL FOR POLYETHYLENE BARRIER 
This section present the process of developing a stable, efficient and 
numerically accurate FE model of the modified polyethylene outer shell of the 
composite road safety barrier, which was described in Section 4.2.1. Performance 
criteria for the FE model of the LDPE outer shell were constructed in order to assist 
in making certain design decisions in the development of the model. The 
performance criteria are as listed below: 
1) The FE model of the LDPE outer shell of the composite barrier must be 
numerically stable for use in an impact simulation.  
2) The material model used in the FE model should accurately represent 
the mechanical behaviour of LDPE material used in the composite 
barrier. 
3) The FE model should be an accurate representation of the geometry of 
the outer shell of the composite barrier as they were in the experimental 
impact testing. 
The performance criteria of the FE model were constructed and used so that the 
design decisions made in constructing the model were consistent and that clear 
objectives were to be met. The first criterion was created to ensure that the FE model 
was numerically stable, so that its developmental methods could be implemented in 
studies of other road safety devices. The second and third criteria ensured that FE 
model accurately represents the composite barriers as they were used in the 
experimental impact testing in Chapter 4:. 
Based on the performance criteria, a schedule for creating the FE model of the 
outer shell was developed. The LDPE outer shell was to have both its geometry and 
material behaviour accurately measured. These measurements would then be used to 
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accurately construct a FE mesh and material model for use within the explicit FE 
solver, LS-DYNA. A FE model would then be constructed of the outer shell, which 
would be subject to an impact analysis in LS-DYNA to ensure its robustness.  
5.2.1 Geometric modelling 
The outer shell of the composite barrier (as described in Section 4.2.1) featured 
a significant amount of warping in the structure due to the unsuitable thermal 
conditions used in the rotational molding process. As the magnitude of the warping 
varied considerably between the barrier specimens and considering the view that the 
warping was did not have an appreciable effect on the composite barrier’s impact 
response, it was therefore decided that the shell warping would be ignored in the 
CAD models created. 
In order to create an accurate CAD model of the outer shell of the composite 
barrier, one composite barrier was taken from the lot of experimental specimens so 
that it could be dismantled and measured. The dismantling of the barrier was 
necessary so that material samples of the PE shell could be taken to prepare 
specimens ready for mechanical tensile testing, in addition to allowing for the 
geometric and material performance measurements of the internal steel frame. The 
dimensions of the barrier were recorded and were used to produce a CAD solid 
model of the barrier, as presented in Section 4.2.1, Figure 4-1 and Figure 4-2. Based 
on multiple measurements of the thickness of the shell wall, the thickness of the wall 
was recorded to be 2.8 mm. 
In addition to the composite barrier, unmodified Centurion Zone Barriers were 
also used as part of the experimental impact study presented in Chapter 4:. The 
geometry of these barriers were also measured and recorded. Apart from the lack of 
warping in the barrier walls, the variation in the geometry between the barriers was 
negligible. 
5.2.2 Material model 
It was important that the material model of the LDPE developed for use in the 
FE simulations was able to accurately and efficiently represent the behaviour of the 
polymer under loadings similar to what it would experience in the experimental 
testing described in Chapter 4:. Therefore it was important that the mechanical 
behaviour of the LDPE was measured and analysed in order to develop the relevant 
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material parameters. Before any mechanical assessment of the LDPE could be 
performed, it was necessary to decide which material formulation would be used to 
model the LDPE, so that appropriate testing could be conducted. 
A commonly used material formulation for metals and polymers is the 
piecewise-linear plasticity formulation, known within LS-DYNA as MAT_24. This 
model separates the materials response into linear and non-linear components. The 
linear behaviour of the material is defined by a specified Young’s modulus and 
limited by the yield stress. Once the von Mises stress of an element is surpassed, the 
material enters an elastic-plastic region, which is controlled by a user defined plot of 
true plastic strain versus true stress. Rate sensitivity of a material can be modelled 
using the Cowper-Symonds yield scaling method or via definition of true stress-
strain plots for multiple true strain-rates. Failure of elements can be achieved with 
the specification of the plastic strain for material failure.  
Lobo (2007) recommended using a polymer based plasticity model for 
modelling the behaviour of polymers in LS-DYNA. The main benefit of the model, 
known in LS-DYNA as MAT_89, is that the user is able to specify the entire stress-
strain profile of the material, ensuring that the non-linear initial elastic response of 
the polymer is simulated. The model determines whether deformation is elastic or 
plastic based on the local tangent modulus of the stress-strain profile. If the tangent 
modulus at a particular strain state is less than the defined elastic modulus, the 
behaviour is considered plastic. The dependency of the material’s yield and tensile 
failure strengths on the strain-rate can also be easily defined by a simple x-y plot. 
This model has two key benefits over MAT_24; the ability to model the non-linearity 
of the initial visco-elastic region, and the specification of the rate-dependent nature 
of the material failure.  
The mechanical behaviour of the LDPE was initially modelled using the 
MAT_89 formulation, with very good correlation achieved with the experimental 
results if the strain-rate dependency of the material was omitted. However when 
attempts were made to create a single material model which could simulate the rate-
dependent nature of the foam, the model exhibited erratic and unstable behaviour at 
the onset of plasticity. This was due to the nature of the explicit FEM, where small 
fluctuations in the location of a node can occur resulting in high frequency, high 
amplitude nodal accelerations. These oscillations would otherwise have little effect 
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on the response of an element during an impact simulation, though they can 
drastically alter the calculated strain-rate. As the response of the MAT_89 material is 
dependent on both the elemental strain and calculated strain-rate, these unfiltered 
nodal fluctuations had a significant effect on the response of the material model. A 
basic low-pass filtering option was available within the material formulation and it 
was successfully used in the material model.  
MAT_24 uses a stable visco-plastic formulation for calculating the effective 
strain-rate which results in a much more stable rate-dependent result when compared 
to the unfiltered response of MAT_89. However the low-pass filter available within 
the MAT_89 model stabilises calculated strain-rate, negating any benefit found in 
using MAT_24. Based on added capabilities found in MAT_89 (e.g. rate-dependent 
failure and non-linear visco-elastic region) and issue of strain-rate stability being 
resolved, it was decided to use MAT_89 to model the response of the LDPE. 
5.2.2.1 Experimental testing 
As detailed in Section5.2.1, a single composite barrier was taken for geometry 
and experimental testing of the materials used in its construction. Samples of the 
polyethylene shell of the barrier were taken from both the main face and underside of 
the barrier. These samples where then used to create tensile test specimens according 
to the relevant standard, ASTM D638 (American Society for Testing and Materials, 
2010). The geometry of the testing specimen is defined by the Type I specimen of 
ASTM D638. Due to the manufacturing method used in the creation of the barrier, 
the thickness of the barrier wall varied from 2.2 to 5.5 mm. As this variation could 
drastically affect the force-displacement response of the material, the thickness of 
each specimen was inspected for uniformity and measured to produce accurate 
stress-strain profiles of the material. 
The non-linear and visco-elastic nature of the initial elastic region of most 
polymers ensures that the numerical modelling of their mechanical properties a more 
difficult task, compared to the modelling of regular metals (e.g. steels and 
aluminium). The yield stress of most metals is easily identifiable as the stress at the 
end of the initial linear region; such analysis is not feasible with most polymers. The 
value often given for the yield stress of most commercial polymers is typically the 
peak engineering stress, though this is in no way indicative of the onset of any 
plasticity. The separation of the recoverable elastic strain from the non-recoverable 
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plastic strain is not a trivial task and requires considerable effort from the analyst.  
As such, typical methods used for locating the onset of plasticity for metals 
(including 0.2%-slope method) are not suitable for determining the yield point of 
polymers. 
A method for experimentally determining the yield stress (also called the 
“plasticity point”) is described by Lobo and Hurtado (2006). The experimental 
process comprises creating a testing specimen according to ASTM D638 and using a 
universal testing machine to load the specimen in tension, allowing it to rest to zero 
load and then measuring the residual strain in the specimen after a fixed period. The 
specimen is then loaded to a load greater than the previous iteration and the sequence 
is repeated until engineering strains greater than 10% are observed. This 
experimental procedure aims to minimise and quantify the effects of the visco-elastic 
creep while reducing the time requirements of the experiments to a practical level. 
Once the residual strains and imposed strains are measured, the results can be 
examined to determine the imposed strain at which plastic strains dominate the 
measurement of the residual strain (n.b imposed strain is the strain exhibited under 
loading, and residual strain is the strain measured after the specimen has been 
allowed to rest after a fixed period at zero load). 
 
Figure 5-1 Imposed vs. residual strains of LDPE, with trend lines for low and higher 
strains 
The experiment was performed using the Instron 5567 universal testing 
machine and two D638 Type I LDPE specimens. The specimens were loaded in steps 
of 0.5 mm until a maximum deformation of 6 mm at a rate of 5 mm/min. After each 
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loading step, the specimen was unloaded and then allowed to rest for five minutes. 
The results were averaged (though little variation was found between the two tests) 
and the plot of imposed versus residual strain can be seen in Figure 5-1. With respect 
to the method described by Lobo and Hurtado (2006), trend lines were added for 
both the lower and higher strains. This is done to distinguish between the visco-
elastic dominated and plastic dominated values for the residual strain. It can be seen 
that the trend lines intersect at 5.20% engineering tensile strain (i.e. a crosshead 
displacement of 2.60 mm), and this is the point nominated as the plastic point. 
With the plastic point located, it was necessary to perform a series of 
experimental tensile tests upon the LDPE samples according to method detailed in 
ASTM D638 to determine the mechanical response of the polymer in tension. Three 
crosshead velocities were chosen for experimental testing according to the 
capabilities on the Instron 5567 universal testing machine: 20, 200 and 500 mm/min. 
Due to the 50 mm gauge length of the Type I specimens, this resulted in engineering 
strain-rates of 0.0067, 0.0667 and 0.167/s. Two specimens were experimentally 
tested at each strain-rate and the results of these tests were averaged. The resulting 
force-displacement profiles from these tests can be seen in Figure 5-2. 
It should be noted that while ASTM D368 nominates a gauge length of 50 mm, 
the strain experienced by the specimen cannot be accurately calculated based on this 
gauge length and the crosshead displacement. This is due to the elongation of the 
specimen not being restricted to within a 50 mm length. Extensometers are generally 
used for accurately determining the strain levels experienced during tensile testing; 
however due to the large displacements experienced during the tensile testing of the 
LDPE samples, an extensometer could not be utilised to accurately quantify the 
strain.  
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Figure 5-2 Force vs. displacement plots of LDPE in tension at low velocities 
In order to be able to accurately determine the strain levels experienced during 
a tensile test, a method was developed whereby the recorded crosshead displacement 
could be correlated to elongation found in a 50 mm gauge length. A series of tests 
were performed in accordance with ASTM D368, where the LDPE samples had 
gauge marks drawn onto the surface of the sample, 50 mm apart. Each specimen was 
extended to a particular crosshead displacement at a rate of 20 mm/min and then held 
at that elongation. The distance between the gauge marks was then measured using a 
digital calliper while the crosshead displacement was fixed. Crosshead displacements 
of 2, 4, 6, 8 and 10 mm were used, with two experiments being performed at each 
displacement. 
It was found that the measured extension of the 50 mm gauge length was 
consistently 45.3% of the recorded crosshead displacement. This factor was 
consistently measured across all tested crosshead displacements. The value was used 
to calculate the true strain data discussed later and seen in Figure 5-3. 
The force-displacement profiles seen in Figure 5-2 show that the tensile 
behaviour of the LDPE is highly rate-dependent, as found in other studies of 
polyethylene (Dasari & Misra, 2003). The rate-dependency of the LDPE appears in 
two major ways: the modulation of the initial slope of force displacement curve and 
reduction in ductility and failure strain at higher strain-rates. These responses are 
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typical of semi-rigid polymers and it is important that these behaviours can be 
represented in the chosen material formulation (i.e. MAT_89). The samples tested at 
extension rates of 200 and 500 mm/min failed via rupture at 30.7 and 23.2 mm 
respectively, while the samples tested at 20 mm/min did not experience failure. 
The material formulations which can be used to model polymers in LS-DYNA 
require the user to enter true stress-strain data, rather than the engineering stress-
strain data which could be used in Chapter 3:. Plots of the calibrated true stress 
versus true strain, derived from the raw data in Figure 5-2 and the measurements of 
gauge length extension can be seen in Figure 5-3. It is important to note that the true 
stress and true strains shown in the figure were calculated by the following 
equations: 
	 ߪ ൌ ݏሺ1 ൅ ݁ሻ,	 Eq.		5‐1	
	 ߝ ൌ ݈݊ሺ1 ൅ ݁ሻ,	 Eq.		5‐2	
where σ is the true stress, ε is the true strain, s is the engineering stress and e is the 
engineering strain. The formula for true stress is predicated on the assumption that 
the material undergoes no volumetric change under applied stress (Ugural & Fenster, 
2003) (i.e. the Poisson’s ratio of the material is equal to 0.5), and serves only as an 
approximation of the true stress when the Poisson’s ratio is less than 0.5. The 
Poisson’s ratio for LDPE is commonly listed as 0.4, and it is well noted that the 
value of Poisson’s ratio of visco-elastic materials, such as LDPE, can vary with 
loading rate during the elastic region, with the cross section reducing greatly once 
necking begins.  
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Figure 5-3 Calculated true stress vs. true strain profiles calculated from experimental 
testing of LDPE at low strain-rates 
5.2.3 Material model development 
In creating a material model of the LDPE for use in the impact studies in 
Section 5.7 and Chapter 6:, it was very important to consider two important aspects 
of the experimental testing described in the previous section and its relation with the 
intended use of the material model. Firstly, as detailed earlier, while the Instron 5567 
universal testing machine was able to accurately measure the crosshead displacement 
and tensile load (Figure 5-2) of the experiments, these measurements are not directly 
indicative of the true strain or true stress experienced with the samples during the 
experiment. Secondly, accurate modelling of the strain-softening phase of the 
materials behaviour can lead to numerically instabilities in a FE simulation and ill-
defined models will often be numerically unstable during periods of extended strain-
softening. 
As presented in the previous section, the crosshead displacement can be 
correlated with the extension present a gauge length, via an experimentally 
determined correction factor. The gauge extension can then be used to determine the 
true strain within the gauge section with the Eq. 5-2.   
Some studies have used extensometers to accurately measure the  instantaneous 
cross sectional area of a specimen during a tensile test (Drozdov, Christiansen, 
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Klitkou, & Potarniche, 2010) to develop the true strain. However this was not an 
option for this study given the availability of resources and the requirements of the 
FE material model (i.e. this detail was not required for the models use to an impact 
study). Eq. 5-1 provides a reasonable approximation of the true stress within a 
material while there is little change in the volume of the material. As LDPE has a 
relatively high stated value for Poisson’s ratio (0.4), volumetric changes are minimal 
in the visco-elastic region. This indicates that Eq. 5-1 is a reasonable approximation 
of the true stress in the visco-elastic region, though the onset visco-plasticity and 
necking ensure that true stress cannot be derived from the crosshead force at higher 
displacements.  
 
Figure 5-4 Flow chart describing mesh creation process 
A geometric model of the experimental testing coupons of LDPE, as defined 
by the ASTM D368, was created in Solidworks. This CAD model was transferred to 
the ANSYS Mechanical Workbench environment so that a finite element mesh could 
be constructed for use in LS-DYNA. ANSYS Workbench was used as the 
environment for creating all the FE meshes used in this thesis, apart from those 
detailed in Chapter 3:. Mesh creation in ANSYS Workbench while being user 
friendly, offers powerful and effective control over the design of the mesh for an 
experienced user. Once the mesh was created (Figure 5-5), the associated meshing 
software, ICEM CFD, was used to convert the mesh into a format which could be 
directly read by LS-DYNA and the pre/post-processing platform, LS-PrePost. The 
process of geometry creation in Solidworks, meshing in ANSYS Workbench and 
translation in ICEM CFD (Figure 5-4) was found to be a rapid and effective meshing 
technique compared to over available methods, and as such was used throughout the 
work presented in this thesis.  
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Figure 5-5 Mesh used in simulation of experimental tensile testing of LDPE (largest 
dimension: 165 mm) 
The mesh shown in Figure 5-5 was constructed with shell elements with an 
average size of 5 mm. The shell elements were simulated using the Belytschko-Lin-
Tsay formulation. Viscous based hourglass control was implemented with a 
relatively low hourglass coefficient of 0.1, as stiffness based hourglass control would 
result in numerical instabilities, as well as large hourglass energies due to the large 
deformations experienced in simulation.  
The FE mesh shown in Figure 5-5 was used (along with the constructed 
material model) to create a simulation of the ASTM D368 tests described in the 
previous section. The nodes on one end of the model were fixed to represent the 
lower, fixed clamp, with the nodes of the opposite end being displaced at a defined 
rate to simulate the motion of the crosshead. The three experimental crosshead 
velocities were simulated, with the crosshead force and displacement being recorded 
and used to verify and validate the material model. 
The plasticity-polymer formulation (MAT_89) used for modelling the LDPE 
required six separate inputs: 
 
1) Density 4) A true stress-strain profile  
2) Poisson’s ratio 5) A curve defining the strain-
rate dependence of the stress 
profile 
3) Young’s  modulus defining 
plasticity 
6) A curve defining the strain-
rate dependence of the failure 
strain  
 
The material density of the LDPE was measured to be 948 kg/m3 and the 
Poisson’s ratio (ν) was defined to be 0.4. It should be noted that the value of ν for 
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LDPE is dependent on a number of factors including temperature, loading rate, true 
strain and loading conditions (Drozdov et al., 2010) (Richardson & Ward, 1978). 
The profile of the true stress-strain behaviour was developed from the averaged 
data of the tensile experiments performed at 500 mm/min. This rate was used as it 
was representative of the expected strain-rates expected in the impact study of the 
composite barrier. The stress-strain profile at 500 mm/min, seen in Figure 5-3, was 
smoothed using a central difference scheme, from which a profile 100 equidistant 
points up to 2.00 strain was produced. This profile was used as the initial definition 
of the true stress-strain in the definition of the MAT_89 material model.  
The force-displacement data from this initial simulation accurately reflected 
the experimental data up to displacement of 6 mm; after this point the simulated 
response undershot the experimental results by up to 10 %. This difference is thought 
to result due of Eq. 5-1 under-approximating the true stress of the material due to the 
assumption of volume conservation. The true stress-strain profile beyond 0.08 strain 
was manually manipulated based upon the relative difference between the simulated 
and experimental force displacement profiles, to achieve an accurate result. This 
manipulated true stress-strain profile was used to simulate the tensile test again and 
was found to deliver accurate results up to the peak tensile load.  
As seen in Figure 5-2, the LDPE (as with most polymers) has a marked period 
of strain softening at displacements beyond the peak load. This strain softening 
behaviour is linked to the unfurling and separation of polymer chains which results in 
the necking of the specimen. Most materials models (including MAT_89) are unable 
to accurately model this response with any stability, due to the significant reduction 
in cross sectional area. Material formulations are available in LS-DYNA which 
offers the ability to model the necking behaviour (principally the SAMP-1 
formulation); however the amount of experimental testing and data input required for 
these formulations ensure their use is confined to very particular studies.  
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Figure 5-6 Comparison of experimentally derived and FE model input true stress-
strain plots  
It is generally recommended that for stability, the plastic strain versus true 
stress data be defined up to the onset of necking (Kolling & Haufe, 2009). From that 
point the data should be extrapolated to a high level of plastic strain beyond the 
necking strain, at a tangent modulus equal to that found at necking. The stress-strain 
response of the LDPE was defined up to 2.00 strain using this method and it was 
found to result in numerically stable and accurate simulations of the LDPE response. 
The final true stress-strain profile used to define the material model response can be 
seen in Figure 5-6 alongside the true stress-strain data derived from the experimental 
tensile tests performed at 500 mm/min. As discussed in the previous section, the 
calculated true stress plot seen in Figure 5-6 and 5-3 (which utilised Eq. 5-1 and 5-2) 
does not produce accurate results beyond yielding. As such the FE input (Figure 5-6) 
had to be empirically manipulated to achieve results of suitable accuracy. 
The strain-rate dependence of LDPE was specified using a x-y plot which 
defined the effective strain-rate versus the scaling effect on the true stress. The 
scaling effect was easily calculated based upon the force-displacement results of the 
experimental testing (Figure 5-2); the effective strain-rate has to be empirically 
determined as the experimental tests were not performed at a constant true strain-
rate; while the experimental tests were performed with a relatively constant 
crosshead velocity, the true strain-rate varies throughout the experiment. The defined 
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values for true strain-rate were empirically calibrated to ensure that the peak force 
measured in the experimental testing matched the values calculated from the FE 
simulation. Elemental failure is defined as a function of true strain at failure versus 
true strain-rate.  The values of true strain at failure were determined based upon 
Figure 5-3 (the failure strain for the 20 mm/min simulation was set arbitrarily high as 
failure was not observed at that rate), though the true strain-rates had to be 
empirically calibrated due to the aforementioned issues with the strain-rates of the 
experimental tests. Defined values for the true stress scale factor and failure strains 
can be found in Table 5-1 and Table 5-2, respectively.  
True strain-rate 
(1/s) 
0.005 0.035 0.100 
True stress scale 
factor 
0.794 0.965 1.00 
Table 5-1 Table of the defined true stress scale factor versus effective true strain-rate for LDPE 
True strain-rate 
(1/s) 
0.005 0.030 0.074 
Failure strain 2.00 0.345 0.290 
Table 5-2 Table of the defined true strain at element failure versus effective true strain-rate for LDPE 
As previously described, filtering of the internally calculated strain-rate of 
individual elements is required due to spurious high frequency, low magnitude 
oscillations of node locations. A low pass filter featured within MAT_89 was used to 
eliminate the effect of these oscillations on the strain-rate calculation, and a cut-off 
frequency of 80 kHz was found to be sufficient in ensuring numerical and 
mechanical stability, independent of mesh size. 
As discussed earlier, plasticity in the MAT_89 formulation is calculated based 
upon the tangent modulus and the defined Young’s modulus; if the tangent modulus 
of the stress-strain profile is less than the defined Young’s modulus, then the 
behaviour is modelled as plastic. The value of the Young’s modulus was calculated 
based upon the previously described plastic point testing. The plastic point was found 
to occur at a crosshead displacement of 2.60 mm, which equates to a calibrated true 
strain value of 0.0231 strain. The true stress-strain profile of the tests performed at 20 
mm/s was used to determine the Young’s modulus, shown in Figure 5-7. The tangent 
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modulus at the plastic point was calculated to be 312 MPa, which was given as the 
Young’s modulus. It should be noted that within the MAT_89 material formulation, 
apart from defining the slope of the kinematic unloading path, the value of the 
defined Young’s modulus has no effect other than defining whether deformation is 
elastic or plastic; i.e. it does not have an effect on the elastic behaviour.  
 
Figure 5-7 Determining the defined Young’s modulus using the plastic point of the 
20 mm/min experiment 
 
Figure 5-8 Comparison of experimental and FEA crosshead force-displacement 
results 
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The results shown in Figure 5-8 show that the material model developed for 
LDPE is able to accurately represent the behaviour of the material during the ASTM 
D368 tensile testing at the crosshead velocities tested. The developed material model 
is able to accurately simulate the both the rate dependent nature of the tensile 
response and also the rate dependent failure of the material. Importantly the material 
model described in the section offers a stable platform for accurately representing the 
important mechanical behaviours of LDPE that dominate the material’s response 
during impact loading.  
5.2.4 Outer shell model 
This section details the steps taken for creating a robust, working FE model of 
the outer shell of the barrier. The material model described in the previous section 
was combined with a FE mesh of the outer shell with some changes made to element 
formulation to reflect the different operating conditions to create a base FE model. 
This model was then tested to ensure it met the condition of robustness needed for 
the experiments in Chapter 6:. 
The LDPE outer shell of the composite barrier had its geometry measured and 
recorded, from which a 3D CAD model was developed using Solidworks (Figure 
4-1). In order to produce a FE mesh of the outer shell, the CAD model was imported 
into ANSYS Workbench. It was necessary that the FE mesh be consistent as 
possible, with preference going to the use of quadrilateral elements. Due to the 
geometry of the outer shell, some triangular elements were used in the mesh, though 
their effect on the quality of the mesh was negligible. The FE mesh, which can be 
seen in Figure 5-9, was then exported for use in LS-DYNA via ICEM CEF and LS-
PrePost (Figure 5-4). Some minor geometric features of the barrier were not 
represented in the CAD model, as their influence on the system behaviour during 
impact was judged to be negligible. The features which were not represented in the 
model were the port hole on the top face of the barrier (used for filling the barrier 
with water) and a drain plug on the lowest vertical face.  
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Figure 5-9 FE model of the LDPE outer shell of the barrier featuring a 20 mm mesh 
Due to its efficiency and accuracy (Section 2.2.2.3), the Belytschko-Lin-Tsay 
shell element formulation was used as the primary formulation for the outer shell; 
however as the mesh contained triangular elements it was necessary for automatic 
element sorting (known in LS-DYNA as ESORT) to be activated. This type of 
element sorting searches for triangular shell elements and changes their element 
formulation to the C0 formulation. The C0 formulation was developed by Kennedy et 
al. (1986) is a complementary and analogous formulation the Belytschko-Lin-Tsay 
formulation for triangular elements. The elements of the outer shell were given a 
thickness of 2.8 mm based on an average of measurements taken from the barrier 
specimens.  
In the experimental impact testing performed in detailed Chapter 4:, the 
composite barrier is subjected to bending loads during impact; hence it is important 
to use the requisite number of integration points in the shell formulation in order to 
accurately calculate the stress state of an element through its thickness. As the 
material model is non-linear, a minimum of three integration points are required. Due 
to the relative thickness of the elements, it was found using five integration points 
through the thickness of the element resulted in accurate representation of stress 
gradients with minimal additional computational cost.  
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In order to ensure that the FE model of the outer shell was acceptable for use in 
the validation study of this chapter and as a basis for the application study in Chapter 
6:, it was important that the model be examined in an impact analysis study. The 
study would look to find geometric, elemental and mesh based instabilities in the FE 
model during impact loading. The simulation (Figure 5-10) was designed to assure 
that the model was stable at large strains and was based on the experimental testing 
of Chapter 4:.  
 
Figure 5-10 Setup of the FE simulation to ensure robustness of the FE model of the 
LDPE outer shell 
The impact head (seen in Figure 4-18) was modelled using shell elements in 
ANSYS and was brought into LS-PrePost where it was given a rigid material 
definition. The material was defined so that the mass on the impact head was equal to 
300 kg (i.e. the maximum impacting mass of the impact rig). The motion of the 
impacting head was limited to the impacting direction and the initial velocity of the 
head was given as 8.00 m/s. Rigid walls were imposed to simulate both the ground 
and a wall directly behind the non-impacting face of the barrier.  
Contact algorithms were used to calculate the contact behaviour between the 
impact head and the outer shell, as well as self-contact of the outer shell. The contact 
between the shell and the impact head required artificial softening of the contact 
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forces (a contact force softening scale factor of 0.1 was used) due to the large 
difference in the relative stiffness of the parts. Without this factor, nodes of the 
impact head would artificially penetrate the shell elements of the outer shell, 
resulting in “node capturing”. A segment based pinball search function was also 
required due to sharp angles of the indentations of the outer shell. 
A mesh convergence study was performed on the FE model of the outer shell, 
using the previously described robustness FE simulation. While it was found that 
while an average mesh size of 25 mm gave a robust and accurate response in terms 
of impact head deceleration, though this mesh was too coarse to properly interact 
with other elements of the composite barrier, including the steel frame and the SPH 
water model. The mesh seen in Figure 5-9 has an average element size of 20 mm, 
which was found to be accurate, efficient and robust. It was found that the combined 
viscous-stiffness Belytschko–Bindeman hourglass control model was stable and 
efficient for use in the FE model of the outer shell in an impact study. With a mesh 
size of 20 mm, it was found that an hourglass coefficient of 0.15 was enough to 
ensure stability while retaining a negligible amount of hourglass energy.  
 
Figure 5-11 Plastic strain and deformation of FE model of outer shell, featuring 
element failure (scale of plastic strain) 
The final FE model was found to be able to withstand the impact loading with 
negligible indications of numerical instability (Figure 5-11). The material model of 
the LDPE was seen to represent the response of the barrier well, with elemental 
   
Chapter 5: Development and validation of the numerical simulation for a road safety barrier  167 
failure occurring in a number of locations on the barrier, specifically along the height 
of the central indentation on the impacting side.  
Key factors within the FE simulation which required attention to ensure 
stability of the model include the accurate definition of a stable material model, 
hourglass control formulation, definition of the softness of the contact algorithm, 
mesh density and the use of the automatic element sorting function. With attention 
paid to the factors, a FE model of the LDPE outer shell of the composite barrier was 
able to be developed for use in the validation study detailed in Section 5.7.  
5.3 DEVELOPMENT OF FINITE ELEMENT MODEL FOR THE STEEL FRAME 
This section details the steps taken in the construction of a robust and accurate 
FE model of the internal steel frame of the composite road safety barrier. As 
presented in Section 4.2.2, the steel is embedded within the LDPE outer shell so that 
the composite barrier will be able to withstand and transmit the impact loads 
experienced in the experimental testing.  
It is important that performance criteria of the steel frame FE model be defined, 
as this assisted in the making of design choices in the construction of the geometric 
and material models. The performance criteria of the steel frame FE model were as 
follows: 
1) The model is to be numerically robust and stable under all expected 
loading conditions 
2) The material model should be able to accurately represent that impact 
behaviour of the steel used in the frame’s manufacture 
3) The model should integrate effectively with other models and design 
changes to the frame should be able to be easily reflected in a 
simulation 
These performance criteria were used as a method of instructing the 
development of the steel frame FE model, and helped to improve consistency of 
design decisions when potential conflicts in design outcomes arose. The first and 
second criteria were proposed in order to create a reliable and effective model of the 
frame’s impact behaviour. The third criterion was based upon the requirements of 
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Chapter 6:, where the geometry and materials of the frame would need to be 
frequently updated, and an efficient turnaround procedure was required.   
5.3.1 Material model development 
Low carbon steels are one of the most frequently modelled materials in impact 
studies using the explicit FEM. Many studies have been performed which made use 
of one of material formulations available within LS-DYNA to model the mechanical 
response of low carbon steels under impact. The Johnson-Cook formulation is 
frequently used when strain-rates greater than 100/s are expected (Børvik, 
Hopperstad, Berstad, & Langseth, 2001), while a piecewise linear plasticity 
combined with the Cowper-Symonds model of strain-rate dependency is frequently 
used to with more moderate strain-rates with considerable success (Ahmad et al., 
2010) (Marzougui, Samaha, Tahan, Cui, & Kan, 2012). Based on the expected 
impact conditions of the composite barrier testing (i.e. visco-plastic strain-rates less 
than 20/s), the piecewise linear plasticity material formulation (MAT_24) was chosen 
to model the mechanical behaviour of the AISI 1015 steel used in the frame.  
In order to create a strain-rate dependent model of the AISI 1015 steel 
featuring plasticity and element failure, the MAT_24 material formulation required 
eight separate inputs; material density, Young’s modulus, yield stress, Poisson’s 
ratio, plastic strain at failure, a plot of the plastic strain versus true stress and two 
parameters defining the Cowper-Symonds strain-rate sensitivity.  The density was 
defined as 7830 kg/m3 and the Young’s modulus defined as 205 GPa, as given by the 
American Society for Metals (1993). The plasticity behaviour of the material model 
defined based upon the work of Rauch and Leslie (1972), with the quasi-static yield 
stress defined to be 360 MPa and plot of plastic strain (εp) versus true stress defined 
as per Figure 5-12. Note that the plastic strain is defined as: 
	 ߝ௣ ൌ ߝ െ ఙா	 Eq.		5‐3	
where ε is the true strain, E is the Young’s modulus and σ is the true stress.  
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Figure 5-12 Defined plot of plastic strain versus true stress for AISI 1015 steel 
(Rauch & Leslie, 1972) 
The Cowper-Symonds model of strain-rate sensitivity is an empirical model 
which scales the yield and plastic stresses based upon the strain-rate. The governing 
equation takes the form: 
	 ߪ ൌ ߪௌ ቆ1 ൅ ቀఌሶ஼ቁ
భ
೛ቇ	 Eq.		5‐4	
where σ is the true stress, σS is the quasi-static true stress (as defined in Figure 5-12), 
ߝሶ is the true strain-rate, and C and p are the empirically determined Cowper-
Symonds variables. The values of C and p are dependent upon both the metal being 
modelled and also the loading conditions. The values for C and p were defined to be 
6844/s and 3.91, respectively, based upon the testing of low carbon steels at 
moderate rates of Abramowicz and Jones (1986). The manufacturer of the AISI 1015 
provided information on the fracture of the material, giving elongation at break as 
27%. From this value, the plastic strain at failure was calculated to be 0.235 using 
Eq. 5-3.  
5.3.2 Geometric modelling 
As previously discussed, a single composite barrier testing specimen was used 
to obtain material data and geometric measurements of the composite barrier. As part 
of this process, measurements of the dimensions and shape of the internal steel frame 
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were taken. These measurements were then used in order to create a CAD model of 
the frame using Solidworks. This model can be seen in Figure 4-7. 
The CAD model was created using two dimensional surfaces rather than three 
dimensional bodies, as the FE model of the frame was to be constructed using shell 
elements. The CAD model was imported in ANSYS Workbench where a FE mesh of 
the frame was created. This FE mesh was translated into a format for use in LS-
PrePost via the meshing software ICEM CFD. Shell elements were used to represent 
the frame due to the relatively small thickness of the frame’s members, and the 
efficiency and accuracy of the Belytschko-Lin-Tsay formulation. 
 
Figure 5-13 FE mesh of the internal steel frame 
As with the LDPE FE model, the Belytschko-Lin-Tsay shell formulation was 
used as the element formulation for the steel frame. This element was chosen as it 
provided computational efficiency as well as providing stable and accurate 
behaviour. As the Belytschko-Lin-Tsay shell formulation is a reduced integration 
formulation it was necessary to use some form of hourglass control to prevent 
spurious energy modes during impact. It was found that a deformation-stiffness 
based hourglass control formulation using exact volume integration, developed by 
Flanagan and Belytschko (1981), was best placed to control hourglass modes. Some 
hourglass modes were observed near the joints of members, but these were minor 
with calculated hourglass energy being less than 0.05% of total system energy.  
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A mesh density convergence study was performed on the model, and it was 
found that an element size of 9.5 mm provided the model with numerical stability 
and accuracy in impact balanced against the need for computational efficiency. This 
mesh can be seen in Figure 5-13. In terms of the efficiency of the combined FE/SPH 
model of the composite barrier, the meshing of the steel frame played a very 
important role. In the simulation of the composite barrier, the elements of the steel 
frame control the size of the time step due to the relatively high speed of sound of 
steel and the mesh size used in the model. It was fundamentally necessary that the 
size of the mesh for the frame be optimised to reduce the computational cost of the 
analysis. 
Many methods were investigated for use in defining the welds between the 
individual members of the steel frame. Point three of the performance criteria for the 
FE model of the steel frame indicated the model should be able to be easily updated 
in order to reflect design changes. This criterion was primarily required from the 
parametric study in Chapter 6:.  Tied-node contact algorithms were first trialled, as 
any geometric design changes can be quickly updated in the contact algorithm when 
utilising this method to define the welds. However this method proved to be 
numerically unstable due to the contact search algorithm including non-structural 
nodes during impact. 
A generalised spot weld formulation was used in the final model of the internal 
steel frame. The spot weld formulation introduces a rigid body element between the 
nodes included in the definition, thus there is no relative motion between welded 
nodes. The process of defining the spot welds is relatively user intensive (primarily 
due to the number of weld definitions required for the steel frame). Thus while this 
method was feasible for use in model the behaviour of the supplied composite 
barrier, alternative methods are investigated and detailed in Chapter 6:. 
In order to represent the mounting of the internal steel frame to the LDPE outer 
shell, it was necessary that the frame mounts (Figure 4-8) be represented in the frame 
model. Due to the relative dimensions of the mounts (15 mm length and 6 mm 
diameter) it was decided that the most numerically stable and geometrically accurate 
method for modelling the mounts would be with beam elements. Each of the twelve 
mounts was modelled as a single, two node beam element, with one node being 
shared with the steel frame and the other being fixed to the wall of the LDPE outer 
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shell using a tied-node contact algorithm. The beam element made use of the same 
material model used in the formulation of the steel frame. The Hughes-Liu beam 
formulation was implemented for the beam elements. This formulation was chosen 
over more computationally efficient formulations due to its ability to calculate 
element stress.  
During the impact simulation, it was found that the deformation of the barrier 
was sufficient enough so that the internal steel frame could potentially come into 
contact with itself. Hence a single surface, self-contact algorithm was used for the 
frame. Due to the geometry of the frame members, it was necessary that search 
algorithms for shell-edge to shell-surface and shell-edge to shell-edge were activated, 
using the CONTACT_AUTOMATIC_GENERAL contact algorithm in LS-DYNA. 
5.3.3 Finite element model assessment 
The material model of the AISI 1015 steel and the FE mesh of the steel frame 
were combined to create the FE model of the internal steel frame of the composite 
barrier. In order to assess the robustness of the FE model, the simulation similar to 
that described in Section 5.2.4, featuring two rigid walls and the impact head was 
created.  With an impact mass of 300 kg and an initial velocity of 8.00 m/s, the 
model of the internal steel frame was found be numerically stable and resilient.  
 
Figure 5-14 FE simulation of internal steel frame during robustness test 0.075 
seconds after impact 
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Figure 5-14 shows the response of the frame 0.075 seconds after the initial 
impact. Of note in this figure is the element failure occurring on the longitudinal 
members nearer the mid-section. This failure occurred due the members coming to 
impact each other. While this behaviour is not most accurate representation of such a 
contact, it does meet the requirements of the performance criteria in that it remains 
numerically robust, and that such large deflections of the frame are not expected 
during the impact testing of the composite barrier. The buckling of the flat, lateral 
members is also important, as it points towards a failure in the design of the frame.  
It was found overall that the developed FE model, consisting of the described 
material model of AISI 1015 and the FE mesh met the performance criteria as 
described and will be functional for use in the FE model of the composite barrier. 
5.4 DEVELOPMENT OF SMOOTH PARTICLE HYDRODYNAMIC MODEL FOR WATER 
This section details the steps taken in developing a numerical model of water 
suitable for use in the simulation of the composite barrier using the smooth particle 
hydrodynamic (SPH) method. As presented in Chapter 4:, the composite barrier was 
partly filled with water to affect the inertia and stiffness characteristics of impact 
response of the barrier.  
As with the previous section, a set of performance criteria were constructed in 
order to assist in design decisions in the development of the SPH water model. These 
performance criteria are as follows: 
1) The model should be able to accurately represent the bulk inertial and 
stiffness characteristics of water during low-shock impacts 
2) The behaviour of the particles should accurately represent water motion 
under impact while being computationally efficient 
3) Interaction between SPH particles and FE parts should be numerically 
stable 
The first performance criterion ensures that the SPH model represents the 
physical behaviour of water under impact, via the definition of accurate material and 
state definition. The second criterion looks to make sure that there is a reasonable 
balance between qualitative and quantitative accuracy of the model and the need for 
computational efficiency. The SPH method can drastically increase the solution 
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times of a numerical study, and care was taken in ensure efficiency is maintained in 
the construction of this model. The last criterion concerns the coupling of the FE 
models with the SPH field. Certain considerations were required in the formulation 
of the contact algorithms between SPH particles and FE parts to ensure contact was 
accurately and stably observed, and are described in the following sections.    
5.4.1 SPH model formulation 
Due to the nature of water (i.e. the fluid’s inability to transfer shear forces), 
traditional modelling of the bulk mechanical properties of water using a material 
model is found to be inadequate. Instead, the bulk behaviour of water is calculated 
using a null material model (i.e. a material formulation which does not calculate 
deviatoric stresses) in conjunction with an equation of state which relates the 
governing state of the material to a set of particular systems variable (e.g. relative 
volume, temperature, internal energy). A number of equations of state are available 
for use within LS-DYNA, all of which define the pressure as the governing state of 
the material.  
Two equations of state are commonly used in modelling water in impact 
simulations: the linear polynomial model and the Mie-Grüneisen model.  The linear 
polynomial equation of state relates the pressure state within a fluid to polynomial 
factors of the relative internal volume. In compression the constitutive equation for 
the pressure takes the form of: 
	 ݌ ൌ ܥ଴ ൅ ܥଵߤ ൅ ܥଶߤଶ ൅ ܥଷߤଷ ൅ ሺܥସ ൅ ܥହߤ ൅ ܥ଺ߤଶሻܧ	 Eq.		5‐5	
where, 
	 ߤ ൌ ௏ି௏బ௏ 	 Eq.		5‐6	
with V being the current specific volume, V0 being the initial reference specific 
volume, E being the initial reference specific internal energy and C0, C1, C2, C3, C4 
C5 and C6 being constants of the material. During expansion, the model sets C3 and 
C6 to zero.  
For low-shock simulations, this model is often reduced to a linear relationship 
between the pressure and the volume term, μ (i.e. C0=C2=C3=C4=C5=C6=0). In this 
instance, the value of C1 can be equated to the bulk modulus of an ideal fluid via: 
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	 ܥଵ ൌ ߩ. ܿଶ	 Eq.		5‐7	
where ρ is the density of the fluid and c is the speed of sound in the fluid (Day, 
2010). For water at 25° C (i.e. ρ = 1000 kg/m3 and c = 1484 m/s) the value for C1 is 
2202 MPa. This formulation is recommended for low shock simulations (Hallquist, 
2006a) and has been successfully implemented in a number of studies (Ghorbanie & 
Norlander, 2010). 
The Mie-Grüneisen equation of state is often used in modelling the shock 
response of fluids and solids. In compression the equation takes the form of: 
	 ݌ ൌ ఘబ஼
మఓቂଵାቀଵିംబమ ቁఓି
ೌ
మఓమቃ
൤ଵିሺௌభିଵሻఓିௌమ ഋ
మ
ഋశభିௌయ
ഋయ
ሺഋశభሻమ൨
൅ ሺߛ଴ ൅ ߙߤሻܧ	 Eq.		5‐8	
where μ is the volume term defined in Eq. 5-6, E is the specific internal energy and 
C, S1, S2, S3, γ0 and a are constants relating to the  shock-velocity response of the 
material, and ρo is the initial density of the fluid. In expansion, the equation takes the 
form of: 
	 ݌ ൌ ߩ଴ܥଶߤ ൅ ሺߛ଴ ൅ ߙߤሻܧ	 Eq.		5‐9	
Using the constants developed by Boyd, Royles, and El-Deeb (2000) (Table 
5-3), a number of studies have been able to successful model the behaviour of water 
during impact simulations (Varas, Zaera, & López-Puente, 2009) (Shah, 2010) 
(Jonsson, 2011). 
Constant Value Units 
C 1484 m/s 
S1 1.979 N/A 
S2 0.0 N/A 
S3 0.0 N/A 
γ0 0.11 N/A 
a 3.0 N/A 
Table 5-3 Material constants of water for the Mie-Grüneisen equation of state (Boyd et al., 2000) 
 176  Chapter 5: Development and validation of the numerical simulation for a road safety barrier 
It is recognised that using the values in Table 5-3 for the Mie-Grüneisen 
formulation provided more accurate results for high shock impacts involving water 
than the reduced polynomial formulation. However, it is not immediately evident 
whether the accuracy at higher shocks is required for a simulation of the impact tests 
described in Chapter 4:, or whether the polynomial equation of state will result in 
similar simulated behaviour with a lower computational cost. Hence it was necessary 
to perform a comparative study of the two equations of state based upon the 
experimental impact scenarios.   
 
Figure 5-15 Combined FE/SPH model of LDPE outer shell and water 
The impact simulation of the LDPE outer shell used in the robustness study 
described in Section 5.2.4 was used as the basis for the comparative study of the 
equations of state. SPH particles were introduced into the simulation with an average 
spacing of 50 mm to a height of 540 mm, which equates to a volume of 480 litres 
(Figure 5-15). A null material formulation was given for the SPH part with a density 
of 1000 kg/m3 and a viscosity of 1.002 Pa.s. A fluid particle with renormalisation 
formulation was used as the particle approximation theory, while a coefficient of 1.2 
was applied to the smoothing length. Contact was established between the SPH 
nodes and the LDPE outer shell elements with a soft penetration formulation. The 
two equations of state were entered, with the Mie-Grüneisen formulation based on 
Table 5-3 and linear polynomial formulation having a value of 2202 MPa for C1. 
Element failure was removed from the material model of LDPE to avoid spurious 
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particle movement due to rupturing of the LDPE, though all other aspects of the 
simulation were the same as per Section 5.2.4. 
 
Figure 5-16 Comparison of impact reaction force for different equations of state 
Figure 5-16 is a comparison of the calculated reaction force between the impact 
head and the barrier for two equations of state. It can be seen that there is a high 
amount of correlation between the calculated force plots for both equations of state, 
with only minor variations being observed. The high frequency oscillations in the 
force plots result from a combination of vibration of the LDPE outer shell, contact 
instability between the SPH particles and the contact instability inherent with SPH. 
While the measure of reaction force is a useful tool for understanding the systems 
behaviour, the high frequency oscillations in the output make it difficult to provide 
an objective, quantitative measure of the simulation performance.  
To this end, it was determined that amount of work performed by the impacting 
(Wi) was useful as a reliable, quantitative metric for comparative analysis of the 
simulations. The value of Wi is calculated as below: 
	 ௜ܹሺݖሻ ൌ ׬ ܨ௭ ݀ݖ௭଴ 	 Eq.		5‐10	
where t is the current time, Fz is the reaction force upon the impacting head in 
the direction of motion of the impacting head and z is the displacement of the impact 
head in its direction of.  Figure 5-17 shows the calculated work performed by the 
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impacting head for simulations using either of the equations of state. It is noted that 
both simulations yield effectively the same result, indicating very little functional 
difference between the two equations of state.  
 
Figure 5-17 Comparison of work performed by the impacting head for different 
equations of state 
The simulation utilising the Mie-Grüneisen equations of state was marginally 
more computationally expensive (8% of the CPU solution time) than the simulation 
using the linear polynomial formulation. However, due to the success in the use of 
the Mie-Grüneisen formulation as reported in the literature and the small difference 
in the observed result, it was decided to use the Mie-Grüneisen formulation as the 
equation of state for the SPH model of the water.  
5.4.2 SPH convergence study 
A convergence study was also performed in order to determine an adequate 
resolution of the SPH particle field. Due to the volume of the barrier, a large portion 
of the computational cost of each iteration (up to 85%) was dedicated to the 
processing of the SPH field. This indicated that number of SPH particles must be 
reduced while maintaining accurate and consistent behaviour of the water model.  
Nine simulations were created, utilising the Mie-Grüneisen equation of state 
and varying only the average pitch distance between the SPH particles. Pitch distance 
of 20, 30, 40, 50, 60, 70, 80, 90 and 100 mm were used in the simulations. 
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Comparison of the work performed by the impacting head for the nine simulations 
can be seen in Figure 5-18. Particles counts and the associated clock solving time for 
the simulations can be seen in Table 5-4. It is noted that the relationship between 
particle count and clock solve time very closely approximates a linear function.  
Particle pitch distance Particle Count 
Solve time 
(clock hours) 
20 mm 58520 7.41 
30 mm 17439 2.61 
40 mm 6333 1.11 
50 mm 3688 0.76 
60 mm 2201 0.61 
70 mm 1460 0.93 
80 mm 1022 0.62 
90 mm 672 0.39 
100 mm 440 0.46 
Table 5-4 SPH particle counts and clock solve time (to 0.2 seconds) for comparative SPH simulations 
 
 
Figure 5-18 Comparison of work performed by the impacting head for different pitch 
distances of SPH particles from 0.0 to 0.2 seconds 
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It can be seen in Figure 5-18 that the all the simulations achieve nearly 
identical maximum and final values of Wi, however there is an observable variation 
in the value of Wi before the maximum value occurs. The period before the 
maximum value of Wi captures the initial effect of the impacting head on the barrier 
and the associated sloshing of the water within the barrier. It is during this initial 
sloshing period that the bulk of the variation among the simulations occurs. This 
period can be more closely examined in Figure 5-19. 
 
Figure 5-19 Comparison of work performed by the impacting head for selected 
different particles pitches from 0.0 to 0.04 seconds 
In Figure 5-19, the variation in the systems behaviour can be seen across the 
time frame presented (n.b only selected simulations were presented in Figure 5-19 to 
ensure clarity of results). A large amount of variation can be found around the first 
0.015 seconds of the simulations, which relates to the period during which the barrier 
is not in contact with the rear support wall and hence no reaction force occurs. It can 
be seen that the plots for the 20 mm and 30 mm simulations have near identical, 
smooth responses, whereas other plots deviate significantly. The plot of the work 
performed in the 40 mm simulations is seen to diverge notably from the other 
simulations. This can be explained by the difficultly found in creating an accurate, 
structured particle field within the confines of the outer shell with a pitch size of 40 
mm.  
Using the SPH field generation tool in LS-PrePost, the initially generated field 
had many particles very close to or incident with the mesh of the LDPE outer shell. 
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Simulations featuring such a field would encounter very long solve times due to 
certain contact instabilities; the issue of “shooting nodes” is particularly problematic 
in combined FE/SPH models when particle field generation is poorly considered. To 
prevent this, the field was manipulated to create a clearance between the FE mesh 
and the particles, which had the secondary effect of altering the effective volume 
(and mass) of the water.  
A qualitative comparison of the particle pitch distances is presented in Figure 
5-20. It can be seen in the images for 20 and 30 mm simulations that a “wave peak” 
has been created during the impact, and that it is very well formed and defined. This 
wave peak is absent from the simulations with a larger particle pitch distance. It can 
also be observed that the front impact face of the outer shell undergoes less 
deformation in the higher particle count models.   
 182  Chapter 5: Development and validation of the numerical simulation for a road safety barrier 
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Figure 5-20 Comparison of SPH particle motion of selected simulations at 0.03 
seconds 
Based upon the results of the convergence study, it was decided that a particle 
pitch distance of 30 mm would be used in the simulation of the experimental impact 
tests, as it was able to recreate the behaviour found by using a particle pitch distance 
of 20 mm, but was much more computationally efficient. A particle field with a 30 
mm pitch distance achieved nearly identical results in comparison a 20 mm pitch 
distance, but was significantly less computationally expensive.  
5.5 DEVELOPMENT OF FINITE ELEMENT MODEL OF FOAM‐FILLED PANEL 
This section details the process of developing a FE model of the polyurethane 
foam-filled panel described in Section 4.2.3. The panel (Figure 4-10) was used as an 
energy absorbing component of the composite barrier during experimental impact 
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testing, as described in Chapter 4:. In order to be able to accurately model these 
experiments using a combined FE/SPH model, it is necessary to create an accurate, 
stable and efficient model of the foam-filled panel which can interact with the other 
components discussed in this chapter. The following performance criteria were 
created in order to inform the design process of the FE model of the foam-filled 
panel: 
1) The FE model must accurately reflect geometry and materials used in 
the construction of the foam-filled panel, while remaining 
computationally efficient 
2) The FE model must be numerically stable during the high strain 
expected in the impact simulations 
3) The FE model be able to interact with the other components of the 
composite barrier in a stable manner 
The first performance criterion was constructed to ensure that the geometry of 
the panel is accurately represented, as geometry has a significant effect in energy 
absorption devices. The creation and capabilities of a functional material model of 
the PU foam is detailed in Chapter 3:. The second performance criterion establishes 
the importance of numerical stability of the model. The PU foam can potentially 
undergo very high levels of compressive strain during an impact, and it is imperative 
that these strains do not have a detrimental effect on the model’s stability. The final 
performance criterion concerns the model’s interactivity with the outer shell and steel 
frame FE models of the barrier. The foam-filled panel is mounted to the outer shell 
of the barrier via mounts of the internal steel frame, hence the importance of the 
connection system being accurately characterised. 
5.5.1 FE model development 
The complete foam-filled panel consisted of two sections manufactured from 
different material - the outer LDPE panel and the interior PU foam. Separate 
geometries and FE meshes were created for each part. A CAD model of the exterior 
LDPE panel was developed in Solidworks based on measurements taken of the panel 
(Figure 4-10). Internal inspection of the foam-filled panel indicated the PU foam-
filled the entire internal void of the LDPE panel. Based on the CAD model of the 
LDPE panel and the 3.5 mm wall thickness of the LDPE panel, a solid CAD model 
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of the injected PU foam was also developed. It was necessary to note the wall 
thickness of the LDPE panel (3.5 mm) when modelling the foam section, as correct 
definition of the clearance between the two parts is required as this ensured a stable 
contact definition in the FE simulation.  
These CAD models were used to develop FE meshes of the parts using 
ANSYS Workbench. The notch on the outer edge of the LDPE panel was removed 
from the FE model, as it was found to induce computational instability while having 
very little effect on the impact behaviour of the FE model. Due to the relatively small 
thickness of its wall, the LDPE panel was modelled using shell elements, while the 
PU foam section was represented with solid elements. Much care was given to 
ensuring the quality of both meshes (Figure 5-21), with the meshes being constructed 
only from hexahedron, solid elements or quadrilateral shell elements. It was found 
that this was particularly necessary for the mesh of the foam section to ensure 
stability. A mesh convergence study was conducted, with an average mesh size of 12 
mm found to be adequate in ensuring consistent results.  
 
Figure 5-21 Meshes of the PU foam section and LDPE panel 
The Fu-Chang material model of the PU foam developed in Chapter 3: was 
used to represent the behaviour of the foam. As per the discussion in Chapter 3:, a 
single integration point, constant stress element formulation with visco-stiffness 
based hourglass mode control was implemented for the foam FE model. An interior 
contact algorithm was implemented to ensure stability of the foam model during high 
rate, high strain impacts.  
As the LDPE panel was constructed using the same material and methods as 
the LDPE outer shell of the barrier, the LDPE material model developed in Section 
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5.2.2 was used to describe the LDPE panel. The Belytschko-Tsay shell element 
formulation was implemented along with an exact volume, stiffness based form of 
hourglass control. A single-surface contact algorithm was imposed upon the LDPE 
panel to account for self-contact of the panel during high energy impacts, particularly 
along the stepped face of the panel.  
Accurate definition of contact between the PU foam and the LDPE panel was 
important to achieve the established performance criteria. A gap of 1.75 mm between 
the panel’s shell elements and the solid elements of the foam was used to account for 
the 3.5 mm wall thickness of the panel. This gap results in no spurious penetrations 
occurring in the initialisation of the contact between the parts. In order to represent 
the fixed contact between the PU foam and LDPE panel, a tied-offset contact 
definition with penalty based stiffness formulation was defined. At the beginning of 
the simulation, the tied contact definition runs a search algorithm to determine if any 
of the defined slave nodes (i.e. nodes on the surface of the foam) are within a certain 
distance (based on the thickness of the shell elements) of the defined master shell 
elements (i.e. the shell elements of the LDPE panel). Nodes that are within the 
established distance are then kinematically tied to the nearest master shell element. 
5.5.2 FE model evaluation 
A FE simulation was established in order to assess the robustness and stability 
of the FE model of the foam-filled panel during an impact (Figure 5-22). The 
simulation featured a solid, rigid sphere impacting into the raised face of the foam-
filled panel with a velocity of 8.00 m/s. The solid sphere had a diameter of 200mm 
and a mass of 30.0 kg. The bottom surface of the panel was supported by a fixed 
rigid wall. This simulation was designed to represent the worst case scenario for 
investigating the capabilities of the model during an impact (i.e. high levels of 
compressive strain experienced by the foam).  
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Figure 5-22 FE simulation used to evaluate performance of FE model of foam-filled 
panel (LDPE cutaway to reveal PU foam) 
The definition of the contact algorithm between the LDPE panel and the rigid 
sphere was found to be central to the robustness of the simulation. Due to large 
difference in the stiffness between the sphere and the LDPE panel, nodal penetrations 
frequently occurred when using a default contact definition. To combat these 
penetrations, a soft constraint formulation was used along with an artificial contact 
thickness of 5.0 mm for the solid elements of the sphere. While this marginally 
increased the effective contact surface of the impacting sphere, this method proved to 
be more numerically stable and to have a lesser effect on the calculated reaction 
force than other methods (e.g. manipulation of the contact stiffness of the LDPE 
panel).  
 
Figure 5-23 Cutaway section of foam-filled panel 0.006 seconds after impact 
Figure 5-23 shows the foam panel at full compression during the evaluation 
simulation. Both the foam and LDPE panel models exhibited the required level of 
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numerical and mechanical stability. Some contact instability was observed at very 
high levels of strain during higher energy impacts; however it was thought that these 
instabilities would not be of concern in the simulation of the experimental impact 
testing, as these very high strain levels were not expected during the simulated 
impacts.  
5.6 CONCEPTION OF NUMERICAL SIMULATION OF A COMPOSITE ROAD SAFETY 
BARRIER 
This section described the construction of a combined FE/SPH computational 
model of the composite road safety barrier discussed in Chapter 4:, based upon the 
work presented in Sections 5.2, 5.3, 5.4 and 5.5. The model was required to combine 
the FE and SPH models of the LDPE outer shell, internal steel frame, water ballast 
and PU foam-filled panel in a manner which accurately represented the construction 
of the composite road safety barrier. This section details the development of the 
combined FE/SPH model, as well as the construction of the simulation which 
represent the experimental testing of Chapter 4:. The results and outputs of these 
simulations are discussed and compared with the experimental results in Section 5.7. 
As with the construction of the individual component of the composite road 
safety barrier, a set of performance criteria were developed to inform the design 
process. The performance criteria for the combined FE/SPH model of the composite 
road safety were as follows: 
1) The model is to accurately represent the connection and contact 
mechanisms that exist between the individual components of the barrier 
2) Numerical stability will be first considered over computational 
efficiency 
3) The model must accurately represent the environment of the 
experimental testing 
4) The combined model should have mass values which do not 
significantly differ from the measured values of the experimental test 
specimens 
The first performance criterion was developed in order to ensure that the 
contacts associated with internal steel frame and the foam-filled panel are an accurate 
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representation of the composite barrier’s construction. This criterion also indicates 
the necessity of properly defining a contact between the steel frame and water 
ballast. The second performance criterion dictates that the numerical stability of the 
model is of higher priority than the computational efficiency. Computational 
efficiency was used as a performance criterion in the construction of the individual 
components; hence any computational efficiency gains that could be found in this 
section would be minimal.  
The third performance criteria concerns the physical setup used in the 
experimental impact testing. The final performance criteria of the combined model 
used a check to ensure that models accurately represented the experimental testing 
specimens. This was particularly pertinent for the internal steel frame and the water 
ballast, as it was physically impossible to measure the mass of these components 
individually.  
5.6.1 Construction of the combined model 
The impact tests that are conducted and described in Chapter 4: consisted of 
four individual impact tests utilising the same testing environment. Each of the four 
tests used a different barrier design based upon the basic Centurion Zone barrier. The 
four barriers used in the experimental testing (Table 5-5) can be constructed from the 
FE and SPH models previously described in this chapter in a modular fashion.  
Test barrier designation Structural components 
Test S-1 LDPE outer shell 
Test S-2 LDPE outer shell Internal steel frame 
Test S-3 
LDPE outer shell 
Internal steel frame 
Water ballast 
Test S-4 
LDPE outer shell 
Internal steel frame 
Water ballast 
Foam-filled panel 
Table 5-5 Description of experimental barrier test specimens 
The barrier used in Test S-1 consists solely of the empty, LDPE Centurion 
barrier, the development and construction of which was detailed in Section 5.2.  
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The barrier used in Test S-2 consisted of the LDPE outer shell and the internal 
steel frame. As described in Section 5.3, the FE model of the internal steel frame 
modelled the mounting plugs using beam elements. The outer nodes of these beam 
elements were fixed to the mesh of the LDPE outer shell using a tied nodes contact 
formulation. In addition, a further contact was defined which modelled the contact 
between the frame members and the outer shell. This contact utilised a pinball 
segment, soft constraint formulation owing to the large difference in stiffness 
between the contact bodies and the sharp changes in contact geometry. 
The barrier used in Test S-3 consisted of the same construction as that used in 
Test S-2, with the water ballast added in. As per the experimental testing procedure 
(Chapter 3:), the barrier was filled with water to a height of 534 mm (i.e. 60% of the 
height of the outer shell). The SPH particle field was generated using LS-PrePost. 
Special attention was given to ensure that no particles were within 3.00 mm of the 
outer shell wall, as such initial penetrations can lead to contact instabilities upon 
impact (Thiyahuddin, Gu, Thambiratnam, & Gudimetla, 2012). As per the model 
creation featured in Section 5.4, a pitch distance of 30 mm was used for the SPH 
particle field, with the Mie-Grüneisen equation of state, utilising the fluid particle 
approximation theory with particle renormalisation. Contacts were specified between 
the SPH nodes and the outer shell and steel frame, again utilising a soft constraint 
formulation.  
When using multiple CPUs to solve a large numerical simulation, large gains 
in computational efficiency can be found by ensuring that the computational load is 
equally balanced across each CPU. By default, LS-DYNA decomposes the 
simulation into chunks of equal length along the longest dimension, which will not 
necessarily result in the most efficient simulation.  As the bulk of the computational 
cost on the combined FE/SPH simulations arise from the calculation of the SPH 
behaviour, performance can be found by ensuring that LS-DYNA divides the 
simulations to achieve an equal number of SPH elements on each CPU. An 8% 
decrease in total solve time was achieved by introducing the relevant keyword in the 
simulation 
(CONTROL_MPP_DECOMPOSTION_DISTRIBUTE_SPH_ELEMENTS). 
The barrier used in Test S-4 consisted of the barrier used in Test S-3 with three 
PU foam-filled panels attached to the exterior of the barrier. When used in the 
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experimental impact testing (Chapter 3:), the foam-filled panels are attached to the 
composite barrier via bolts that were fixed to the frame mounting holes. Each bolt 
was modelled as two beam elements in line with one another; the first beam element 
began at the frame mount and finished at the interior panel surface, with the seconds 
beam beginning at the interior panel surface and terminating at the exterior panel 
surface. The beams were modelled in the fashion so that the tied node contact 
algorithm could be used to fix the beam nodes to the panel surface. The beam 
elements had a nominal diameter of 10 mm (as the bolts were M10 standard bolts) 
and use the Hughes-Liu beam element formulation. In addition to the tied contact, a 
contact was established between the LDPE exterior of the foam-filled panel and 
LDPE shell exterior of the barrier.   
Test S-1 Test S-2 
Test S-3 Test S-4 
Figure 5-24 Combined FE/SPH models of the four test barriers (note outer shell is 
transparent in barriers B, C and D) 
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The computational models of the four testing barriers can be seen in Figure 
5-24. In order to ensure that inertial properties of the models of the barriers were 
consistent with the experimental specimens, the mass of the constructed models were 
compared with the measured mass of the experimental barriers. Table 5-6 shows that 
there is good correlation between these numbers. The correlation between the 
experimental and simulated masses ensures both that the geometries of the 
simulations are correct and that the inertial properties are properly represented in the 
computational models. The correct representation of the inertial properties is 
necessary as the mathematical model of the system is solved using an explicit solver, 
which includes dynamic effects. 
Test barrier designation FEA mass (kg) 
Measured mass 
(kg) 
Error 
(%) 
Test S-1 27.46 27.90 -1.58% 
Test S-2 46.00 46.62 -1.34% 
Test S-3 516.97 521.80 -0.92% 
Test S-4 526.31 530.20 -0.73% 
Table 5-6 Comparison of measured and FEA masses of testing barriers 
5.6.2 Development of the experimental simulations 
A FE model of the impacting head used in the experimental impact testing was 
created based on provided CAD files (Figure 4-18). Shell elements were used in the 
construction of the mesh as the impact head consisted of thin, hollow tubing. During 
the meshing process, concern was mainly given to ensuring that the accurate 
representation of the rounded impact surface, with an average mesh size of 15 mm 
(Figure 5-25). As there was a large difference between the stiffness of the impacting 
head and the stiffness of the composite barrier, it was valid to assume that the 
impacting head had essentially rigid behaviour. Hence, a rigid material definition 
was given for the impacting head. The density of the material was given such that the 
mass of the model reflected the nominated impacting mass given in Chapter 4: (i.e. 
300 kg). The initial velocity of the impact heads for the simulations were established 
based upon experimentally calculated values of the impact velocity, as per Table 4-3. 
A soft-constraint, pinball segment contact was established between the impacting 
head and the impacting surfaces for each simulation (i.e. the LDPE outer shell for 
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simulations using barriers A, B and C, and the LDPE foam-filled panels in 
simulations involving barrier D).  
 
Figure 5-25 FE model of the impacting head 
The physical testing environment was modelled with two fixed, rigid bodies 
constructed using solid elements. Contact was modelled between the barrier and the 
floor and supporting lintel using a soft contact algorithm. The contact between the 
ground and the barrier featured friction, with the static and kinetic coefficients being 
defined as 0.309 and 0.269, respectively, as per the experimental work presented in 
Section 4.6. 
A summary of the environmental models used in the simulation of the 
experimental tests, along with the associated boundary conditions, can be found in 
Table 5-7. Boundary conditions which limited the degrees of freedom of a body (e.g. 
a fixed body) were instituted by defining single point constraints on the relevant 
nodes (using the *BOUNDARY_SPC command in LS-DYNA) while the velocity of 
the impact head was defined using the *INITIAL_VELOCITY command. 
Environment part Description and boundary conditions 
Ground 
Represented with solid elements, rigid material model.  
Location fixed.  
Contact with barrier defined with friction specified. 
Support lintel 
Represented with solid elements, rigid material model. 
Location fixed.  
Contact with barrier defined with friction specified. 
Impacting head 
Represented with shell elements.  
Velocity defined based upon experimental measurements. 
Contact with barrier defined. 
Table 5-7 Summary of environmental models used in the experimental simulation and their boundary 
conditions 
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5.7 VALIDATION OF THE COMPUTATIONAL MODEL 
In this section, the results emanating from the numerical simulation of the 
experimental impact testing (Section 5.6) are compared to the experimental testing 
data (Section 4.5). The collection and preparation of the testing data is presented in 
the first sub-section, before the data sets from the simulations are compared against 
the experimental results. The validity of the computational model, and the underlying 
conceptual and mathematical models, of the composite road safety barrier will be 
established in these sections.  
With the validity of the computational model ascertained, the response of the 
composite barrier will be explored, utilising both the results of the numerical 
simulations and data from the experimental tests. The capacity of the computational 
model to explore the behaviour of the system will also be demonstrated.  
5.7.1 Data analysis and interpretation 
As the simulations presented in this chapter are being used to validate a model 
based upon a real, physical scenario, it is necessary that the data collected from the 
simulations is treated and analysed in the same manner as the raw experimental data. 
The two primary metrics comparing the simulations results to the experimental 
data will be the qualitative analysis of the impact force time-history, and a 
quantitative comparison of the post-impact kinetic energy of the impact cart. In 
addition to these two primary metrics, two secondary quantitative metrics are 
featured in the valuation of the simulation’s validity; the peak contact force during 
impact and the impact duration. Finally, a subjective evaluation of the model 
performance will be made by comparing the post-deformation features of the 
experimental barriers with the simulated barriers.  
As with the experimental data analysis, the raw output of the acceleration of 
the impact cart will be passed through a moving-average filter with a window length 
of 0.01 seconds, as per Eq. 4-1. The post-impact kinetic energy of the impact cart 
was calculated via the measurement of the velocity of the cart, as per the 
experimental process. 
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5.7.2 Comparison of Test S-1 
 
Figure 5-26 Comparison of simulated and experimental impact forces for Test S-1 
The comparison of the simulated and experimentally derived impact contact 
force time-history for Test S-1 (Figure 5-26) provides an interesting result, which 
necessitates examination and scrutiny. It can be seen in the comparison that during 
the first 0.05 seconds of impact the FEA simulation of Test S-1 is able to represent 
the experimental impact forces with a relatively high degree of accuracy. At 0.051 
seconds after impact both plots dramatically increase, the simulation reaching a peak 
impact force of 166.5 kN, 27.2% greater than the experimentally calculated peak 
(Table 5-8). After a period of 0.012 seconds both results reduce dramatically and the 
impacts essentially cease, save for elastic rebound of the shell in the simulated result 
and large amplitude vibrations in the experiment time history.  
Measure Unit Experiment Simulation Error (%) 
Total absorbed energy kJ 5.677 5.525 -2.69 
Peak force kN 130.9 166.5 27.2 
Impact duration s 0.069 0.110 59.4 
Table 5-8 Comparison of experimental and simulated quantitative metrics for Test S-1 
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While correlation of the impact forces during the first 0.05 seconds is a very 
positive result, the large scale difference in the 0.012 period of high deceleration 
requires careful analysis. The disagreement in the results can be considered as the 
result of two primary factors: experimental instrumentation failure and over-
simplified modelling of the impact head in the FE simulation.  
 
Figure 5-27 Cutaway section of simulated impact when impact head contacts 
supporting lintel 
As discussed in Section 4.5.3, the experimental results from Test S-1 were 
hampered by the very rigid contact between impact head and the supporting lintel, 
with only wall thickness of the LDPE shell between the two steel objects (Figure 
5-27). This contact produced a very high reaction force, in turn causing the very high 
deceleration of the impact cart. The force was transmitted from the impact head to 
the rest of the impact cart, inducing large amplitude, high frequency vibrations into 
the frame of the cart. These vibrations (Figure 4-24), in conjunction with the overall 
high level of deceleration experienced in the very rigid contact, caused the cart-
mounted accelerometer to exceed its measurement threshold (i.e. channel clipping), 
meaning that it was unable to properly capture the kinematics of the cart during the 
high-deceleration period. This is evidence by the difference in the calculated 
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displacements and velocities of Figure 4-28 and Figure 4-29. Hence the periods 
where the raw accelerometer output was clipping (i.e. between 0.055 and 0.075 
seconds after impact from Figure 4-24) cannot be used to accurately determine the 
impact force. As such the calculated impact force in this period is an under 
representation of the actual contact forces. The sharp peak that can be seen in the 
experimental result of Figure 5-26 is a seen as an artefact of the filtering applied to 
the raw signal.  
The second potential cause for the discrepancies in the impact forces, over 
simplification of the modelling of the impact head in the FE simulation, only arises 
as a modelling problem due to the rigid contact between the head and the supporting 
lintel. As described in Section 5.6.2, the steel head was modelled as a rigid object. 
However during the aforementioned period of high impact force, it is foreseeable that 
the 8 mm thick steel wall of the tube which makes up the impact head may undergo 
localised deformation. This deformation would slightly alter the deceleration of the 
head and the impact forces calculated. Indeed, in simulations where the definition of 
the impact head was changed to use the elasto-plastic steel material model of the 
internal steel frame, such deformation was observed in the impact head. 
Although there is a significant discrepancy in impact force during the high 
deceleration period between 0.051 and 0.063 seconds, resulting in poor correlation 
between calculated peak forces and impact durations (Table 5-8), it can still be seen 
that this simulation still accurately represents the impact response of the LDPE shell.  
In the first 0.05 seconds of the impact, there is a high degree of correlation 
between the FE simulation and the experimentally determined results. It is in this 
period that the structural performance of the LDPE outer shell dominates the impact 
response. As there is good correlation between the data sets, it can be said that the 
simulation has accurately represented the response of the LDPE outer shell during 
impact. It is only when the stiff contact between the supporting lintel and the impact 
head occurs that this correlation is lost. It must be here noted that the primary goal of 
this work was to build a model of the structural response of the barrier, rather than 
representing the contact between the impact head and the supporting lintel. 
In addition to the correlation of the impact force time-histories in the barrier 
dominated period, Table 5-8 also shows that the simulation was able to accurately 
represent the total absorbed energy, with only a minor error of 2.69%. This metric is 
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particularly important as it is a corollary of the post-impact state of the impact cart, 
and its measurement is unaffected by the high deceleration period. Thus the 
simulation can be seen to accurately represent both the initial LDPE shell dominated 
period of the impact and the post impact state of the cart. 
5.7.3 Comparison of Test S-2 
 
Figure 5-28 Comparison of simulated and experimental impact forces for Test S-2 
The comparison of the impact forces of Test S-2, seen in Figure 5-28, shows 
excellent correlation between the simulated and experimentally calculated time-
histories. The experimental impact force time-history features two distinct local 
peaks, with the FEA simulation of the tests being able to represent both the values 
with a high level of accuracy.  
One period where the impact force time-histories vary a considerable amount 
from one another is during the time period 0.06 to 0.08 seconds after impact. This 
period coincides with the initial phase of rebound of the impact head. It is thought 
that this deviation is caused by the loss of elastic energy due to element erosion used 
to model the material fracture of some sections of the steel frame. 
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Figure 5-29 Example of element erosion (blue circles) in the steel frame due to 
fracture 
As presented and discussed in Section 5.7.6, the second and overall peak in the 
impact force time-history of Figure 5-28 occurs when the two opposing sides of the 
internal steel frame come into contact with each other. During this period high 
reaction forces are generated, which dramatically increases the plastic strain around 
the contact areas of the frame. As the FE mesh of the frame was constructed to 
efficiently represent the impact response of the frame, a relatively coarse mesh was 
found to be appropriate. The coarse mesh and the localised contact in this simulation 
allow for the fracture in members to excessively propagate, resulting in 
disproportionate amounts of element erosion. The element erosion could be reduced 
using a finer mesh in the regions of localised fracture; however any serious benefit in 
accuracy would lead to a massive increase in computational cost of the simulation.  
Measure Unit Experiment Simulation Error (%) 
Total absorbed energy kJ 6.562 6.893 5.04 
Peak force kN 91.1 88.2 -3.18 
Impact duration s 0.118 0.119 1.40 
Table 5-9 Comparison of experimental and simulated quantitative metrics for Test S-2 
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The total absorbed energy of the FE simulation is 5.04% greater than the value 
calculated from the experiment due to the aforementioned disparity in the rebound 
phase and associated loss of elastic energy. This value, along with the small errors in 
peak force and impact duration (Table 5-9), is well within an acceptable range for 
such a simulation.  
 
 
Figure 5-30 Simulated (bottom) and experimental (top) post-impact barrier 
deformation 
The experimental and simulated post-impact permanent deformation of the 
impact specimen is compared in Figure 5-30. The deformation observed in the FE 
model of the barrier appears to conform well to the experimental result, particularly 
with the buckling of the porthole walls and the central notch. 
The excellent correlation seen in Figure 5-28, in addition to the relatively small 
errors in the quantitative metrics of Table 5-9, show that this FE simulation is a valid 
representation of the Test S-2. As such, it is noted that the developed FE model of 
the internal steel frame is capable of accurately representing the impact response of 
the steel frame used in the prototype barrier of Chapter 4:. 
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5.7.4 Comparison of Test S-3 
 
Figure 5-31 Comparison of simulated and experimental impact forces for Test S-3 
Figure 5-31 compares the experimental impact force time-history with the 
simulated resulted for Test S-3. It can be seen here that there is good correlation 
between the two histories, indicating the validity of the combined FE/SPH simulation 
of the water-filled composite barrier. 
Measure Unit Experiment Simulation Error (%) 
Total absorbed energy kJ 6.844 7.042 2.89 
Peak force kN 53.5 54.6 2.08 
Impact duration s 0.126 0.123 -2.73 
Table 5-10 Comparison of experimental and simulated quantitative metrics for Test S-3 
It is also interesting to note the accuracy of the quantitative metrics in Table 
5-10. All the simulated metrics in this table have a percentage error less than 3.00% 
when compared with the experimentally determined values. Of interest is that the 
error in the total absorbed energy for the simulation of Test S-3 is less than the 
corresponding error for Test S-2. This is due to the reduced element erosion from 
fracture, as the self-contact within the frame is much less severe for Test S-3 owing 
to the hydrostatic response of the water ballast. The initial peak of the impact force 
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time-history is increase over the response seen in Test S-2 due to the addition of the 
water ballast, which results in the velocity of impact head being reduced during the 
self-contact of the steel frame.  
As noted in Section 4.5.3, the LDPE shell of the experimental specimen 
experienced a reasonable amount of fracture at the bottom of the rearward face 
(Figure 4-42). The fracture allowed for the water ballast to escape post impact. It 
should be noted that due to the size and location of the fracture experienced in the 
experimental test, its effect on the impact force and the impact cart’s kinematics was 
minor, and most probably insignificant. 
Though the material model of the LDPE had a strain-rate sensitive model of 
fracture define into its mathematical model, the computational model of the barrier 
was unable to properly model the fracture described in the previous paragraph. This 
is because the elements of the LDPE outer shell in this zone never entered into a state 
whereby a strain-rate and strain of the elements would result in fracture, as defined in 
the material model. As the experimental Test S-4 also experienced similar fracture, 
the same issue is also faced in its simulation using the computational model. This 
issue, and its effect on the validity of the combined FE/SPH model, is therefore 
further discussed in Section 5.7.5.  
Apart from the issue of the LDPE fracture, all metrics of the simulation show 
very good correlation with the experimental results. Given these results, and the 
previously established validity of the FE models of the steel frame and the LDPE 
shell, it can be said that the established SPH model is a valid representation of the 
water ballast. 
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5.7.5 Comparison of Test S-4 
 
Figure 5-32 Comparison of simulated and experimental impact forces for Test S-4 
The simulated impact force time-history of Test S-4 is compared with the 
experimentally determined plot in Figure 5-32. It can be seen in this figure that there 
is quite good correlation between the experimental and simulated plots, the main 
deviation of the simulated impact force occurring in two distinct sections: the initial 
impact period up to the first peak, and at the second local peak.  
In the first 0.02 seconds after impact, the simulated result is slightly stiffer than 
the experimental result. This is thought to relate to the mounting the foam-filled 
panels to the barrier and how this was modelled in the combined FE/SPH simulation. 
When the foam-filled panels were mounted to the experimental specimen for Test S-
4, the panel did not sit perfectly flat on the surface of the barrier. This meant that 
upon impact, the foam filled panels were free to move slightly relative to the face of 
the LDPE shell. Also, the bolts used to fix the panel to the LDPE shell did not 
completely restrain the panel. Post-impact inspection of the barrier showed the panel 
had moved along the bolts, such that the head of the bolt was halfway through the 
panel. 
Both the location of the panel and the effect of the restraining bolt were 
idealised in the combined FE/SPH simulation, such that the motion of the panels was 
much more restricted than the experimental specimen. The restriction of the foam-
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filed panel produces a stiffer response in the initial stage of the impact in comparison 
to the experimental impact, where the loose fit of the panel resulted in a softer 
response 
Measure Unit Experiment Simulation Error (%) 
Total absorbed energy kJ 7.089 6.996 -1.32 
Peak force kN 42.0 39.8 -5.26 
Impact duration s 0.132 0.134 1.45 
Table 5-11 Comparison of experimental and simulated quantitative metrics for Test S-4 
Despite the minor differences observed in the impact force of Figure 5-32, the 
quantitative metrics presented in Table 5-11 shows that the simulation is able to 
closely represent the impact response of the barrier. The impact duration and total 
absorbed energy metrics both closely correlate with the experimental values, with the 
peak force 2.2 kN less that experimental value, with the experimental peak occurring 
in a very small time period.  
As mentioned in the previous section and in Section 4.5.3, a significant amount 
of fracture occurred on the bottom of the rearward face of the LDPE shell of the 
barrier specimen of Test S-4 (Figure 4-43). The fracture found in Test S-4 was much 
more significant than the fracture found in Test S-3, evacuating the water ballast 
from the LDPE shell within 30 seconds. This fracture therefore had a greater 
potential of affecting the impact response of the barrier.  
In order to assess potential methods for modelling the fracture of the LDPE 
shell, it was necessary to investigate the causes of the rupture. Initially, it was 
thought to increase the mesh resolution to assess the capability of the simulation to 
represent the strain. The higher resolution FE model of the LDPE outer shell showed 
no significant increase in strain compared with the regular mesh, with the maximum 
strains in the area of interest around 0.100. It was noted that these levels were 
significantly higher than the strains experienced in Test S-2, with the initial shock 
wave from the impact travelling through the water ballast and inducing an increase in 
the strain values in area of interest.  
Subsequently, two pre-impact barrier specimens were examined; one standard 
Centurion barrier and one prototype barrier with an internal steel frame. It could be 
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seen that the quality of manufacture and finish on the prototype barrier was 
significantly below that of the standard barrier, particularly around the corners and 
fillets of the LDPE shell. Inspection of the area showed that the shell thickness was 
relatively thin, with a minimum thickness of 2.2 mm.  
In addition, it is hypothesised that the LDPE shell of the barriers suffered from 
a degree of ultraviolet light destabilisation, which reduced the strain at which the 
polymer suffered from brittle fracture. The effects of environmental weathering of 
polymers have been well documented, with sunlight (Salem, 2001), and in particular 
UV light (Abanto-Bueno & Lambros, 2004), having a notable negative effect on the 
elongation at fracture of polyethylene. Additives can be used to stabilise the 
mechanical properties of polymers, however these stabilisers can also break down 
over time (Grassie, 1984). It is noted that available literature shows that while the 
stiffness of LDPE is not greatly affected by exposure to sunlight, the strain at fracture 
is greatly reduced. 
The barrier which was used to provided material for the investigation of the 
mechanical properties of the LDPE (Section 5.2.2), was exposed to the environment 
and sunlight for a relatively brief period of time (approximately two to three weeks). 
The barriers used in the experimental impact testing were exposed to the sunlight for 
up to six months. Also, while it is known that UV stabilisers are added to the 
standard Centurion barriers, it is not known whether such stabilisers were added to 
the prototype barrier. As such, it is thought that the strain at fracture of the LDPE 
used in the tensile testing of Section 5.2.2 was significantly higher than of the 
sunlight exposed LDPE used in the experimental impact tests. The change in 
mechanical properties of the UV-destabilised LDPE could be represented in the 
model, though this would require a second round of experimental tensile testing of 
samples taken from barriers exposed to the sunlight for the extended period. 
It must be noted that fracture of the LDPE shell observed in Tests S-3 and S-4 
were not the result of a single, isolated cause. Three separate casual factors allowed 
for the fracture to occur; a strain inducing shockwave from the water ballast, 
manufacturing defects at the fillets and corners of the area in concern and a potential 
reduced strain at fracture of the material due to UV destabilisation.  
As there is generally very good correlation between the results of the 
experimental testing of Test S-4 and the results of its computational simulation, it 
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can be said that the computational model of barrier is valid for representing the 
impact response of the system. When taken in with the previous sections, it can 
hence be inferred that the computational model of the foam-filled panels is valid.  
5.7.6 Discussion of the computational models 
Based upon the work presented in the previous four sections, it is demonstrated 
that the developed computational model of the composite road safety barrier is able 
to accurately represent the experimental impact test presented in Chapter 4:. As such, 
it can be said that the combined FE/SPH model of the barrier is a valid representation 
of the physical, composite barrier for use in impact studies. From this it can be 
inferred that the processes detailed in this chapter are valid methods for developing a 
combined FE/SPH model of a portable, deformable road safety barrier for impact 
simulation. As such, the computational model and the underlying conceptual and 
mathematical models of the system have been demonstrated as valid methods of 
representing the composite barrier’s impact behaviour.  
A primary intended function of the model of the barrier was to be able to 
explore and examine the deformation mechanics of the barrier during impact. As the 
combined FE/SPH model of the barrier has been validated against experimental 
impact tests, it can be used to investigate the deformation mechanics and impact 
response.  
5.7.7 Examination of the composite barrier’s impact response 
It can been in Figure 4-40 that the impact force time histories for Tests S-2, S-3 
and S-4 all have  similar forms with two localised peaks; one in the first 0.03 seconds 
after impact and a secondary peak between 0.05 and 0.06 seconds after impact. 
Between these peaks there is a localised minimum. Based on this, and the notable 
difference in the response of the barrier in Test S-1 (Figure 5-26), it can be inferred 
that the internal steel frame dominates the impact response of the composite barrier. 
As such, the simulation of Test S-2 will be used to explore and discuss the 
mechanisms of the barrier response to impact. 
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Figure 5-33 Simulated and experimental impact force of Test S-2  
Figure 5-33 shows the simulated and experimental impact force time-histories, 
with annotations to mark important times. In the period up to time t1, the contact 
force upon the impact increases in a relatively linear fashion. During this period, the 
internal steel frame (Figure 5-34) begins to be compressed as the impact head 
crushes the barrier against the supporting lintel.  
  
Figure 5-34 FE model of internal steel frame (longitudinal members = red, vertical 
member = yellow, transverse members = blue)  
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At time t1, the impact force is at a sufficient level to begin buckle the lower two 
transverse members in the centre of the frame. As these members buckle, the force 
required to further crush the barrier is reduced. Between time t1 and t2, the upper 
transverse members in the centre of the steel frame also buckle. The local minimum 
of the impact force at time t2 coincides with the top two transverse members coming 
into contact with each other (Figure 5-35). At this point the impact force begins again 
to rise, as the mode of deformation of the barrier changes from buckling to 
compression of members again. As the central vertical members of the barrier begin 
to contact their opposite member, the impact force reaches its secondary (and 
absolute) maximum.  
 
Figure 5-35 FE model of buckling of central transverse members 
By time t3, the impact head has a very small forward velocity, with the instant 
of zero velocity occurring 0.003 seconds after time t3. From this point the impact 
head begins to accelerate away from the barrier. After time t3, a portion of elastic 
energy within the deformed frame is released back into the impact head. As 
previously discussed, the experimental impact force time-history stiffens during this 
relaxation period, which corresponds with the two sides of the central section of the 
frame separating.  
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In Tests S-3, the hydrostatic pressure of the water ballast on the LDPE shell 
has the effect of increasing the impact force necessary to buckle the central 
transverse members and to increase the load during the buckling of the members. As 
the force acting upon the impact head is higher during these first two periods, the 
velocity of the impact cart is reduced, such that severity of the contact between the 
opposing sides of the frame is greatly reduced. This reduces the secondary peak of 
impact force time-history significantly.  
The foam-filled modules in Test S-4 have a similar effect to the hydrostatic 
pressure of the water ballast, increasing the size of the initial peak in the impact force 
time-history. Again, this reduces the velocity of the impact head considerably, with 
the secondary peak in the impact force being lower than the initial peak. 
5.8 CHAPTER SUMMARY 
This chapter presented the development of a computational model of 
composite, portable road safety based, using FE and SPH methods along with 
experimental data and the best practices from the available literature used to inform 
its construction. Simulations of the experimental impact tests described in Chapter 4: 
were constructed using combined FE/SPH model of the composite barrier, with a 
comparison of the impact force and other metrics showing that the model was able to 
accurately represent the behaviour of the barrier during impact. Based upon the work 
presented in this chapter, it can be said that the constructed FE/SPH model of the 
composite, portable road safety barrier is a valid model of the barrier for use in an 
impact simulation. 
Based upon its success in the literature of accurately modelling impact and 
road safety devices, it was decided to use LS-DYNA as the platform for developing 
the combined FE/SPH model of the barrier (the construction of which was detailed in 
Chapter 4:). To develop the material and geometric models of the barrier, it was 
necessary to examine a barrier, which would be used to provide the necessary data. 
The modelling of the barrier was broken down into its major constitute parts: the 
external LDPE shell, the internal steel frame, the water ballast and the PU foam filled 
panels.  
The models of the individual components were each developed with a set of 
consistent design guidelines, which were used to inform and guide the development 
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process. The FE model of the LDPE shell was constructed to be numerically stable, 
with the material model of the LDPE making use of a novel material formulation. 
The development of the material model required significant experimentation to 
assess the mechanical performance of the LDPE. Careful consideration was given to 
the FE mesh of the steel frame, as the mesh sizing of this part would play a 
significant role in the computational efficiency of the model. The steel model came 
from investigation of the steel’s construction and available literature.  
The water ballast was modelled using SPH particles, with an equation of state 
used to represent the fluid properties of the water. Two equations of state were 
compared, and a convergence study was used to determine the most suitable pitch 
distance between particles for the model. Using the materials model of the PU foam 
developed in Chapter 3: and the previously discussed model of the LDPE, the foam-
filled panels was constructed. Considerable attention was paid to the stability of the 
model at high levels of strain. 
Convergence studies were performed on the each component model, as part of 
the model verification process. Once the model of the composite barrier was 
constructed using the component models, simulations of the experimental impact 
tests were constructed, using data from the tests to determine the impact conditions. 
Comparison of the impact force time-history and some quantitative metrics showed 
that the combined FE/SPH model of the barrier was able to represent the behaviour 
of the cart with a very high level of accuracy. Some instances arose where the 
simulated results varied from the experimentally derived result; however these 
instances were explainable either in terms of experimental instrumentation error or 
anomalous material behaviour. 
The validated model of the barrier was then used to investigate the deformation 
mechanics of the barrier during the experimental impacts. The dominance of the 
internal steel frame on the barrier’s impact response was exposed, with the effect of 
the water ballast and the foam-filled panels also discussed. 
The work presented in this chapter shows for the first time that currently 
available FE and SPH techniques are capable of accurately modelling the impact 
behaviour of a deformable and portable composite, water-filled road safety barrier. 
The considered development of material models which could accurately represent the 
important impact behaviours of these materials was instrumental in ensuring that the 
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response of the composite barrier during impact could be accurately simulated. The 
success of the model shows that such methods are a viable alternative to 
experimental testing in the design and development process of a deformable and 
portable road safety barrier. This point is further elucidated and explored in Chapter 
6:. 
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Chapter 6: Application: The design 
considerations of a road safety 
barrier 
6.1 INTRODUCTION 
A review of the currently available deformable, portable road safety barriers 
(Section 2.1.2) reveals the inadequacy of many of these designs. In addition to the 
excessive inter-barrier rotation permitted by many of the designs, some of the 
commercially available systems rely of the material failure of the body of the barrier 
unit to absorb and dissipate the kinetic energy of the impacting vehicle. The 
incoming US standard governing the performance and rating of road safety barriers 
(MASH, discussed in Section 2.1.1.1) ensures that barrier designs which use such 
mechanisms will not be given approval for use on public roads in the future.  
Key to the successful design of a portable, water filled road safety barrier is the 
balance between the requirement to redirect an errant vehicle, and the partial 
absorption of the vehicle kinetic energy. The safe redirection of an errant vehicle 
requires a barrier system which can provide the required amount of reaction force to 
redirect the errant vehicle, while not decelerating the vehicle at a dangerous rate. The 
majority of the kinetic energy absorbed by a portable road safety barrier system is 
through the displacement of the mass of an array of barriers.  
The work presented in Chapter 4: and Chapter 5: shows that the developed 
computational model of a composite road safety barrier, and its underlying 
conceptual and mathematical models, can be used in an explicit simulation to 
accurately represent the barrier’s behaviour in an impact. In this chapter, this model 
will be used as the basis for a comparative and parametric design study. The study 
will examine the efficacy of polymeric foams as energy absorbing materials as part 
of a portable and deformable road safety barrier. 
The work presented in this chapter can be viewed as a demonstration of the 
intended use of computational model developed in Chapter 5: that is as a functional 
design and development tool. As an alternative to expensive and time consuming 
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full-scale vehicular experimental impact testing, changes to the barrier’s design can 
be reflected in the combined FE/SPH model quickly and efficiently. The effect of the 
design changes to the barrier’s impact behaviour can then be simulated, informing 
the design process.  
This chapter presents an initial study into the general efficacy of foam-filled 
panels and then further investigates the effect of certain design aspects of the panels. 
In order to properly compare the different simulations presented in this chapter, a 
suite of metrics are developed and detailed, and they are used to assess the efficacy 
and safety performance of the composite barriers. Finally a recommendation is given 
relating to the use of foam-filled panels as part of a portable composite road safety 
barrier based upon the results of the simulations and commercial considerations. 
The prototype, composite road safety barrier used in the experimental impact 
testing presented in Chapter 4:, and as the basis of the combined FE/SPH model 
described in Chapter 5:, made use of the Centurion Zone device with a LDPE outer 
shell (Section 4.2.1). The Centurion Zone device was not originally designed to 
function as a portable, water-filled road safety barrier, and hence the prototype, 
composite road safety barrier was not a satisfactory basis for the design studies 
performed in the chapter. A simpler, more generalised outer polyethylene shell was 
developed for use in the design studies. As the simpler design (Figure 6-5) featured 
in this chapter has a more generic profile and overall geometry, the results for this 
study are found to applicable to more than just a singular design of barrier.  
The simulations, results and discussion presented in this chapter provide new 
knowledge to the available literature, demonstrating that FE and SPH methods can be 
used in the development process of deformable, portable road safety barrier. The 
chapter also provides new information on the efficacy of polymeric foams in portable 
road safety barriers. 
6.2 COMPARISON MEASURES AND METRICS 
In order to be able to make an informed comparison of the simulated road 
safety barrier designs presented in this chapter, it is necessary to define a set of 
metrics used in assessing and quantifying the designs behaviour. These metrics are 
developed based on their ability to quantify the impact behaviours that are 
functionally important in the real world use of these barriers. The measures described 
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in this section were designed so that a quantitative comparison of the impact 
responses for different barrier designs could be made, rather than relying on the 
qualitative comparison of time-history data.  
The choice of metrics used in this chapter was influenced by the evaluation 
criteria used to assess road safety barriers in the relevant international standards 
(Table 2-1) (American Association of State Highway and Transportation Officials, 
2009) and by the metrics used in analysis of existing energy absorption devices 
(Ahmad et al., 2010). The following sections will describe the comparative metrics 
used in this chapter, their methods of calculation and their relevance to the real world 
usage of portable, road safety barriers. 
6.2.1 Nominal impactor velocity 
In this chapter, the impacting head will begin with a fixed, initial velocity (8.00 
m/s), and will be decelerated upon contact with the composite barrier. The nominal 
impactor velocity (NIV) is the velocity of the impact head when it has travelled 200 
mm after initial impact. A measurement of this velocity can be taken directly from 
the results of the combined FE/SPH simulation.  
Both NCHRP Report 350 and  MASH (American Association of State 
Highway and Transportation Officials, 2009) define the occupant impact velocity 
(OIV)  as found in Section 2.1.1.1 (Eq.  2-1 and 2-2). The metric measures the 
velocity of the impacting vehicle when the vehicle has travelled a particular distance 
in either the longitudinal or lateral directions. The NIV is used as an analogue of the 
OIV for the scenarios simulated in this chapter. MASH recommends that the OIV be 
minimised, and hence it is desirable for a simulated barrier design to minimise the 
value of NIV. 
6.2.2 Work performed by impactor 
The work performed by the impactor (Wi), originally described in Section 5.4.1 
is calculated using Eq.  5-1. The time history of Wi is very useful for understanding 
the overall behaviour of a system, and is a practical tool for the comparison of barrier 
designs.  
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6.2.3 Travel time 
As presented in Section 6.3.2, a fixed, vertical, rigid wall is offset by 100 mm 
from the rear most surface of the barrier. The time period between the initial contact 
between the impact head and the barrier, and the barrier impacting the rigid wall is 
described as the travel time (ti). 
 An increased value of ti is indicative of a smaller working width (Section 
2.1.1.1) for a given the barrier design. Therefore, a larger value of ti is desired. 
6.2.4 Maximum ridedown acceleration 
The maximum ridedown acceleration (amax) is measured by the equation: 
	 ܽ௠௔௫ ൌ max	ሺܽ௭ሻ	 Eq.		6‐1	
where the az is the filtered acceleration time history of the impact head in its 
direction of motion. As per the recommendation of MASH, moving average filter 
(using an averaging length of 0.007 s) is applied to the raw measurement of az as 
acceleration spikes with duration less than 0.007 s are not considered to produce an 
occupant injury. 
The measure of amax can be seen as an analogue of the occupant ridedown 
acceleration (ORA) measure of NCHRP Report 250 and MASH (Table 2-1). The 
ORA has maximum and preferred values of 20.49 and 15.0 G (201 and 147.2 m/s2) 
respectively. It is ideal to minimise the value of amax. 
It must be noted that as the impacts in this chapter occur at a perpendicular 
angle, the value of amax will be larger than an impact of equal energy which occurred 
at an oblique angle. 
6.2.5 Filtered force time history 
The filtered force time history (Fz) is a plot of the filtered impact force upon 
the impact head in the direction of its motion during the impact period. As with amax, 
Fz is determined applying a moving average filter with an averaging length of 0.007 s 
to the raw data from the simulation.  
A graphical plot of Fz can be helpful in analysing and detailing the behaviour 
of a barrier during impact. 
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6.2.6 Average impact force 
The average impact force (Favg) is the time-average force in the contact 
between the impact head and the barrier during the impact. Due to the mixed inertial-
structural response of the impact, the impulse of the contact was used to calculate 
Favg in lieu of the work performed. Favg is calculated using the following equation: 
	 ܨ௔௩௚ ൌ ׬
ி೥ ௗ௧೟మ೟భ
௧మି௧భ 	 Eq.		6‐2	
where t1 is the time at which the impact head first contacts the barrier, t2 is the time at 
which the contact between the impact head and the barrier is broken and Fz is the 
filtered force between the impact head and the barrier in the direction of the motion 
of the impact head from Section 6.2.5. 
6.2.7 Ratio of forces 
The ratio of forces (RoF) is the ratio of the maximum peak filtered force 
between the impact head and the barrier to Favg. The value of RoF is calculated using 
the following equation: 
	 ܴ݋ܨ ൌ ୫ୟ୶	ሺி೥ሻிೌ ೡ೒ 	 Eq.		6‐3	
where Fz is the force between the impact head and the barrier in the direction of the 
motion of the impact head and Favg is calculated as per Eq.  6-3. 
In a typical energy absorbing impact, the peak impact force may be 
significantly larger than the average force experienced. In the case of vehicular 
impact, the peak force is generally the determining factor in the propensity for injury 
during the impact. If the maximum force is closer to the average force (i.e. a RoF 
nearing unity) it can be seen that the impact response is more uniform, and the 
effective efficiency of the barrier’s response is improved. Hence, it is ideal for the 
value of RoF to approach a value of 1.00.  
6.3 EFFICACY OF POLYMERIC FOAMS IN A COMPOSITE BARREIR  
The performance of two polymeric foams (XPS and PU) was experimentally 
assessed and presented in Chapter 3:. As with the description of other polymeric 
foams in the literature, it was shown that stress-strain response of the foam in 
compression could be described by three phases: the initial elastic linear response, 
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the densification plateau and the stiffening regime (Figure 3-1).The XPS foam was 
shown to absorb more energy than the PU foam (i.e. SEA values of 14.6 kJ/kg for 
XPS compared to 6.68 kJ/kg for PU foam) due to higher stress values exhibited.  
The stress-strain profile of polymeric foams is ideally suited to attenuating high 
force levels, and hence high deceleration rates, in impacts. The densification plateau 
of the stress-strain response of the two foams examined in Chapter 3: is characterised 
by a relatively constant value of stress over an extended period of increasing strain. It 
terms of using polymeric foams a part of an impact mitigation device, the extended 
densification plateau allows for a significant amount of energy to be absorbed at a 
relatively low and constant level of impact force. 
Accurate and stable material models of the XPS and PU foams were developed 
and validated in Chapter 3: based upon the results of the experimental study. The 
material model of the PU foam was again used in Chapter 5: as part of a validation 
study of a computational model of the composite barrier during a perpendicular 
impact. The combined outcomes of these studies indicates that the material models 
can be used to accurately represent the response of the polymeric foams as part of a 
composite barrier during an impact.  
In this section these material models are used in a combined FE/SPH 
simulation as part of a comparative study to assess the efficacy of polymeric foams 
as part of a composite road safety barrier. A generic design of road safety barrier is 
simulated in LS-DYNA (based upon the combined FE/SPH model featured in 
Chapter 5:) and its behaviour is compared against that of a simulation featuring the 
same generic barrier with an additional polymeric foam-filled, external panel. The 
results of the simulations are compared to assess the effect of integrating the 
polymeric foams into the design.  
Finally, these results are discussed in terms of the design and function of a 
composite road safety barrier, and also how the results inform the comparative and 
parametric studies that are described later in this chapter.  
6.3.1 Description of comparative model design 
As described in the introduction to this chapter, a generic design of road safety 
barrier is used as the basis of combined FE/SPH models in lieu of a specific, 
commercial design. This means that the results and discussion that arise from the 
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studies are not subject to particular nuances of their individual design, but rather can 
be used to generally inform the design, construction and behaviour of any portable, 
composite road safety barrier.   
The design of model to be used in this section was informed both by the 
requirement of generalisation and also the investigation of a specific design idea (i.e. 
the use of polymeric foams). As such, the design of barrier was based upon a 
degenerated form of the Centurion Zone barrier (Figure 4-1) used in Chapters 
Chapter 4: and Chapter 5:, and was adapted to be able to receive an exterior foam-
filled panel.  
In operation, polymeric foam would be implemented in a manner such that 
during impact, the foam would be compressed beyond its densification plateau at a 
relatively low force level during the initial impact stages (i.e. less than 0.1 second 
after impact). The relatively low forces necessary to compress the foam would result 
in a reduction in the initial peak deceleration experienced by an errant vehicle. Once 
the foam compressed beyond the densification plateau, the reactions forces are 
transmitted through the foam, to displace the water ballast and transmit the reaction 
forces to the internal steel frame. 
The base design of the exterior LDPE used in this section (Figure 6-1) has 
removed the male and female pin joints, as well as the fork lift holes and the vertical 
indentations of the standard Centurion Zone barrier. The pin joints were removed as 
they serve no function in perpendicular impacts of isolated barriers, while fork lift 
holes and vertical indentations were removed to ensure generic results which were 
not specific to a particular design. Figure 6-1 shows that the external impact face of 
the barrier has been modified to accept the external foam-filled panel. While this 
means that the results will not be completely generalisable, it is noted that this 
particularly study is concerned with the performance of the foam-filled panel. The 
overall dimensions of the barrier match that of the Centurion Zone barrier with the 
inclination of the main face also being kept consistent at 11.9°. With a wall thickness 
of 5.5 mm, the shell had a volumetric capacity of 678 litres and a mass of 36.9 kg. 
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Figure 6-1 Base design of road safety barrier used in foam comparative study 
(dimension in mm) 
The design concept of a modular, removable, external polymeric foam-filled 
panel requires that requires that the panel be able to be inserted into and removed 
from the barrier easily upon need (i.e. insertion of a foam-filled panel to increase the 
rated capacity of the road safety barrier and removal of the panel due to its 
destruction in a heavy impact). The removable panel (Figure 6-2) was hence 
designed to fit into the slots designed into the external LDPE shell of the barrier 
(Figure 6-1), with the inclined vertical walls of the external shell serving to locate 
and fix the panel in place. The panel featured an exterior LDPE shell used to contain 
the polymeric foam with a 3.5 mm wall thickness, similar in design to the panel 
described in Section 4.2.3. This void within the panel had a volumetric capacity of 
24.1 litres and was filled with either of the polymeric foams in the simulations. The 
masses of the empty, PU foam-filled and XPS foam-filled panels were 8.10, 9.36 and 
9.32 kg, respectively. A panel was fitted to each of the main impact faces of the 
barrier. 
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Figure 6-2 Image of the LDPE removable exterior panel (dimension in mm) 
The composite barrier also featured an internal steel frame of a similar design 
to that featured in Section 4.2.2. The frame (Figure 6-3) utilised equal angle beams 
used in the experimental composite road safety barrier (i.e. 38 x 38 x 2.8 mm 
section) to create a box-frame structure which was mounted to the LDPE frame via 
mounting bolts as per Section 4.2.2. The frame design featured sixteen mounts, 
located at the intersections between the horizontal, longitudinal members and the 
vertical members Due to the more uniform cross section of the LDPE exterior shell 
used in this section, it was possible to make the steel frame more consistent and 
provide additional bending stiffness. Equal angle beams were used for the lateral 
connecting members (as opposed to flat, plate members found in the testing 
specimens using in the experimental testing) to prevent the buckling seen in the 
frame of the experimental test specimens (Section 5.7.6).  
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Figure 6-3 Image of the internal steel frame (dimension in mm) 
Water ballast was also added to the barrier. The barrier was filled to 60% of its 
height (i.e. 534 mm), which resulted in the water ballast having a nominal volume of 
530 kg.  
6.3.2 Combined FE/SPH model and comparative study 
The construction of the FE and SPH models of the individual components for 
this study was guided by the procedures used to develop the computational model of 
the composite road safety barrier in Chapter 5:. This section details the methods used 
in the construction of the FE and SPH models, highlighting any changes in modelling 
techniques compared with Chapter 5:. 
The FE meshes for the LDPE outer shell, steel frame, foam section and foam-
filled panel exterior were all created in FE software, ANSYS Workbench. Similar 
mesh sizes were used as those found in Chapter 5:, as detailed in Table 6-1. During 
the mesh development, consideration was primarily given to ensuring a consistent 
and regular mesh.  
Component LDPE outer shell Steel frame Polymeric foam Foam-filled panel exterior 
Average mesh 
size (mm) 20.0 9.50 10.0 16.0 
Table 6-1 List of average mesh sizes for FE models of barrier components 
   
Chapter 6: Application: The design considerations of a road safety barrier  221 
The FE model of the internal steel frame featured in Chapter 5: used a 
generalised weld algorithm to represent the welds that fixed adjacent steel members 
to one another. This method, while stable and offering the ability to model weld 
failure, was found to be computationally and developmentally time consuming. This 
methods developmental inefficiency was particularly important for this chapter, 
given the a number of internal steel frame designs are required to be meshed and 
simulated as part of the parametric and comparative design studies. 
As a result of the weld algorithm developmental inefficiency, other methods of 
modelling the welds were investigated. A mesh of the steel frame was developed so 
that welded members would share incident nodes, having the same effect as the 
generalised welded node algorithm, though without an option to define weld failure. 
Two FE models of the internal steel frame were created; one which used the 
generalised welded nodes algorithm and another which used the shared, incident 
nodes method to represent the welding of the frame members. An impact simulation 
was created to compare the two models, using the FE model of the 300 kg impact 
head (Figure 5-25) travelling at 8.00 m/s, in a similar matter to the robustness test 
described in Section 5.2.4.  
The behaviour of the steel frame in the two simulations was nominally 
identical, with the simulation utilising the newer method having a marginal gain in 
computational efficiency. In light of these results, in addition to the large time 
savings achieved in the development FE mesh, it was decided to use the newer, 
“shared nodes” method to represent the welded steel members in this chapter. 
The FE meshes of the four structural components can be seen in Figure 6-4. 
These models were integrated together to form the composite barrier using the 
algorithms and contact methods described in Section 5.6.1. The SPH field was 
created within the internal void of the LDPE outer shell model to a height of 534 
mm, resulting in a water ballast mass of 530 kg. The discrepancy between this value 
and the nominal volume of water listed in the previous section (i.e. 519 litres) is due 
to the lumped mass nature of SPH particles and the methods LS-PrePost uses to 
create and locate the particles. While it is not an issue for the overall accuracy in this 
study, it should be noted that all recordings of the amount of water ballast are taken 
from the SPH model. 
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LDPE outer shell Internal steel frame 
Removable panel Polymeric foam 
Figure 6-4 FE meshes of structural components for the polymeric foam efficacy 
study 
Material models, element formulations, hourglass control and simulation 
controls were all implemented as per the procedures described in the previous 
chapter. The fully constructed combined FE/SPH model of the composite road safety 
barrier used to examine the efficacy of the foam can be seen in Figure 6-5. 
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Figure 6-5 Combined FE/SPH model of barrier used in foam efficacy study (n.b 
outer shell and removable panel exterior shown as transparent) 
Four simulations were run in order to assess the efficacy of the polymeric 
foams to function as impact mitigating materials in a portable road safety barrier, as 
summarised in Table 6-2. The simulations were designed so that effect of the 
polymeric foams filling within the removable panel could be assessed by evaluating 
the results of simulations C and D in comparison to the behaviour of a barrier with 
no removable panel (simulation A) and a barrier with an empty removable panel 
(simulation B). This allows both the effect of the panel itself, and the effect of the 
polymeric foam filling to be isolated and evaluated.  
Simulation A B C D 
Removable 
exterior panel No Yes Yes Yes 
Polymeric foam 
filling N/A None PU XPS 
Table 6-2 Summary of simulations used in polymeric foam efficacy study 
A rigidwall was used to model the concrete floor, with a friction coefficient of 
0.309. As previously mentioned, a fixed, rigid wall was placed to be parallel to and 
offset from the rear angled face of the barrier by 100 mm (Figure 6-6). It was decided 
to use this setup so that during different periods of the impact simulation, either of 
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the structural or inertial characteristics of the barrier could dominate the system’s 
response. The wall was given dimensions so that its height was equal to the height of 
the angle face and a width 40 mm longer than composite barrier. These dimensions 
were used so that, the reaction force exerted by the rigid wall onto the barrier would 
be evenly distributed across the impacting faces of the barrier. The fixed, rigid wall 
was modelled using solid elements so that a surface-to-surface contact algorithm 
could be used, as the node-to-surface contact algorithm used in rigidwall contacts 
was found to introduce large surface penetrations and non-real deformations.  
 
Figure 6-6 FE simulation setup used in foam efficacy study 
The FE model of the impact head utilised in the validation study of the 
prototype composite barrier (Section 5.6) was again used in the studies detailed in 
this chapter. The impact head was given a mass of 300 kg and an initial velocity of 
8.00 m/s. The horizontal centreline impact head was fixed at a height of 550 mm 
above the ground, similar to the impact height of a pick-up truck used in the NCHRP 
Report 350 and MASH evaluation testing. The impact head’s motion was restricted 
to its initial direction of motion as per the experimental impact testing described in 
Chapter 4:. 
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6.3.3 Generalised description of impact behaviour 
In order to be able to accurately compare barrier designs described in the 
previous section and Table 6-2, it is important to first understand and define the 
mechanisms that occur during impact. In comparison to other road safety devices 
(e.g. concrete barriers and guardrails); the dynamic behaviour of the composite 
barrier during the impact is complicated by the flexibility of the system, as well as 
the relatively free boundary conditions of the system. Before the simulations 
described in Table 6-2 are discussed and compared, this section will first examine the 
general mechanism of the impact. 
 
Figure 6-7 A plot of the impact force, Fz, versus time for simulation B 
The filtered force history of simulation B (i.e. featuring an empty, removable 
exterior panel) (Figure 6-7) is used to elucidate the important mechanisms involved 
in the simulated impacts. It is first noted that at time zero (i.e. the time of initial 
contact), there is a non-zero value for Fz. The non-zero value is a function of the 
moving average filter and of the nature of contact algorithms used in the simulation, 
and as such is not truly representative of any mechanical phenomena. At time t1 
(labelled in Figure 6-7) the maximum contact force value is recorded. In between 
time zero and t1, the value of Fz increase in a relatively linear fashion, as the impact 
head crushes the empty LDPE panel. During this period, very little displacement is 
experienced within the barrier (Figure 6-8), with very little of the impact head’s 
kinetic energy being transferred to kinetic energy of barrier. The structural 
t1
t2
t3
0
10
20
30
40
50
60
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
Im
pa
ct
 fo
rc
e (
kN
)
Time (seconds)
 226  Chapter 6: Application: The design considerations of a road safety barrier 
characteristics of the composite barrier are able to dominate the system’s response in 
this time period, as the inertia of the barrier is large enough to restrict the motion of 
the system. In this manner, the behaviour of the system approximates the behaviour 
of a deformable, fixed barrier.  
Time 0.00 t1 
 
Time t2 t3 
 
Figure 6-8 Cutaway section of simulation B at notable time points 
After time t1, the value of Fz reduces at a relatively constant rate until time t2. 
The primary cause in the reduction in the contact force is the increased overall 
displacement of the composite barrier. As can be seen in Figure 6-8, the overall 
displacement of the barrier is negligible up to time t1, however after this time the 
inertia of the barrier is overcome, as it begins to translate towards the fixed, rigid 
surface. Between t1 to t2 the barrier is displaced until in comes in contact with the 
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fixed surface (Figure 6-8). The response of Fz during this period is dominated by the 
inertial properties of the barrier (i.e. the mass, and water ballast). During the 
translation of the barrier, some of the elastic deformation energy stored within the 
steel frame and LDPE is released, which helps to reduce the deceleration of the 
impact head.  
From t2 the force response seen in Figure 6-7 begins to increase again, as the 
structural properties of the barrier begin to again dominate. Between times t2 and t3, 
the water ballast is displaced significantly, with the stiffness of the steel frame and 
the mass of the water controlling the deceleration of the impact head.  At t3, a local 
maximum of value of Fz is reached, as the initial impulse from the contact with the 
fixed wall is transmitted to the impact head. 
The generalised behaviour discussed in this section highlights the complexity 
of the composite barriers response to impact. Whereas the response of other road 
safety devices can be primarily determined by either its mass or stiffness (e.g. mass 
for portable concrete barrier and stiffness for steel guardrails), the instantaneous 
response of a flexible, non-fixed composite road safety barrier can be dominated by a 
mix of the barrier’s inertial or structural properties throughout an impact. The impact 
behaviour and response of a composite road safety barrier should be controlled 
through considered design and management of the system’s inertial and structural 
characteristics.  
In addition to assessing the efficacy of polymeric foams and other design 
points via the metrics nominated in Section 6.2, the following sections seek to expose 
the importance and effects of actively managing the barriers inertial and structural 
characteristics.  
6.3.4 Assessment of polymeric foam 
Analysis of the results from the simulations used in the foam efficacy study 
shows that the use of polymeric foam in a composite road safety barrier has a 
significant and distinct effect on the behaviour of the system. In general, the use of 
polymeric foams greatly increased the capability of the composite barrier to 
decelerate the impact head.  
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Simulation A B C D 
NIV 
(m/s) 4.07 4.28 3.21 1.99 
ti 
(seconds) 0.0257 0.0327 0.0295 0.0272 
amax 
(m/s2) 142.5 172.2 196.3 208.8 
Favg 
(kN) 22.2 25.2 28.7 28.8 
RoF 1.92 2.05 2.05 2.18 
Table 6-3 Comparison of quantitative metrics from foam efficacy study 
As per Table 6-2, simulation A did not feature any exterior panel, while 
simulation B featured an empty, LDPE exterior panel. Table 6-3 shows that the most 
significant effects of the empty LDPE panel are the increased values of NIV, ti and 
amax. When these results are viewed in conjunction with Figure 6-9, it can be seen 
that the initial contact force in simulation B results is marginally in the first 0.012 
seconds. During this period in simulation B, the bulk of the deformation is restricted 
to the empty, removable exterior panel, whereas in the first 0.012 s in simulation A, 
both the exterior shell and the internal steel frame are deformed (Figure 6-10). The 
value of Fz for simulation A peaks 0.0104 s after initial contact with a value of 42.7 
kN, while for simulation B the peak force is greater (51.6 kN) and occurs later (0.013 
s).  
This change in response indicates while the empty, removable LDPE panel 
softens the initial impact, the composite action of panel, exterior shell and internal 
frame requires an increased impact force before the inertia of the barrier can be 
overcome (i.e. translation of the barrier and decreased impact force).  
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Figure 6-9 A plot of the impact force, Fz, versus time for simulations used in 
polymeric foam efficacy study 
Analysis of Figure 6-9 in conjunction with Figure 6-10 and Figure 6-11 
underpins the importance of the internal steel frame in the transition from structural-
dominate behaviour to inertia-dominate behaviour. In all simulations, the maximum 
value of Fz (and hence the value of amax) occurs when the steel frame undergoes a 
significant amount of deformation (i.e. the amount seen Figure 6-10 for Simulation A 
at 0.012 s). It is only after this severe deformation of the frame occurring that the 
barrier begins to be displaced. This deformation occurs in concert with the rearward 
half of the steel frame compressing against the LDPE outer shell, allowing for the 
increased transmission of force from the frame to the outer shell.  
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Time after 
impact 
(seconds) 
0.006 0.012 0.018 0.024 
Simulation 
A 
 
Simulation 
B 
Figure 6-10 Cutaway section of simulations A and B after impact 
 
   
Chapter 6: Application: The design considerations of a road safety barrier  231 
Time after 
impact 
(seconds) 
0.006 0.012 0.018 0.024 
Simulation C 
 
Simulation D 
Figure 6-11 Cutaway section of simulations C and D after impact 
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The function of the foam-filled panels during the initial structural-dominated 
behaviour phase is to increase the impact force required to transition to inertia-
dominated behaviour and begin to displace the barrier (Figure 6-9). This is achieved 
by increasing the impact load required to result in the sufficient level of deformation 
of the frame needed to displace the barrier. It can be said that the stiffer the foam (i.e. 
XPS foam as opposed to PU foam), the greater the force required to transition the 
barrier’s response to be inertia-dominated. 
The effect of the foam filled panels on the transition from structural-dominated 
behaviour to inertial-dominated has a marked effect on the quantitative metrics seen 
in Table 6-3. Most notably the increased peak value of Fz has a directly proportional 
effect on the value of amax, with simulation D having a peak deceleration of 208.8 
m/s2 (21.3 g), compared to 142.5 m/s2 (14.5 g) for simulation A. The reduction in the 
value of NIV for simulations C and D are extremely notable; in particular the NIV for 
simulation D (1.99 m/s) indicates that the XPS foam is quite effective in reducing the 
velocity of the impact head. 
  
Figure 6-12 A plot of the impact force, Wi, versus time for simulations used in polymeric foam efficacy 
Figure 6-12 shows that the simulations using the foam-filled panels absorbed 
more the impact head’s kinetic energy in the initial impact period, as is expected 
when the increased impact force is considered. Of note in this plot is that the 
barrier’s in simulations A and B retain more the impact head’s kinetic energy by the 
end of the simulation than the barriers in simulations C and D. This demonstrates that 
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when the foam-filled panel is not present the barrier absorbs more energy via the 
plastic deformation of the LDPE outer shell and the internal steel frame.  
6.3.5 Discussion and implications 
The results of the foam efficacy study as presented in the previous section 
show that polymeric foams can significantly alter the impact behaviour of a 
composite road safety barrier. A number of the quantitative metrics are positively 
affected by the addition of the polymeric foam-filled panels (e.g. reductions values of 
NIV); however other metrics recorded the potentially detrimental effects of the foam-
filled panels (e.g. increased values of amax and RoF).  
This study shows that the foam filled panels do have a measureable effect on 
the composite barrier’s impact response. In general these effects can be seen as 
increasing the amount of energy necessary to overcome the barrier’s inertia and 
begin displacing the barrier. In terms of the relevant international standards, this 
would positively affect the working width of a barrier. While the peak acceleration is 
higher when using the foam-filled panels, it should be noted that apart from details of 
the removable panel, all other design aspects of the composite barrier remained 
consistent across the simulations. As discussed in the previous section, the value of 
amax could be reduced by altering other aspects of the barrier’s design (e.g. a 
reduction in the water ballast).  
Inspection of Figure 6-9, Figure 6-12, and Table 6-3 shows that the effects of 
the PU and XPS foams are relatively similar, with the effect of the XPS foam being 
slightly greater in magnitude. As such, it was decided that only the XPS foam would 
be used in any further studies, as the results of the simulations show that its effects 
are nominally indicative of the effects of the PU foam. 
It can be seen in these results that the polymeric foam-filled panels have a 
significant effect on the response of the composite barrier, primarily by increasing 
the amount of energy absorbed by the barrier during the initial, stiffness dominated 
period. While the addition of the foam-filled panels has markedly increased the value 
of amax, it should be noted that this study has only examined the effect of one type of 
panel, and in isolation from any other design changes. 
The design of the foam-filled panel used in this section was arbitrary, not being 
based upon any firm data which could be used to infer an optimal geometry. Though 
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the results of the simulations thus far show that the foam can have a considerable 
effect, it is necessary that a further study be conducted to assess the effect of 
different amount of foam on the behaviour of the barrier. 
As discussed in the previous section, the impact response of the barrier is a 
complex exchange between the structural and inertial properties of the barrier. The 
use of the foam-filled panels affects the structural response of the barrier 
considerably, while having a negligible effect on the inertial mass of the system. As 
such, a change in the water ballast of the barrier would have a considerable effect on 
the performance of the barrier. 
6.4 PARAMETRIC STUDY OF FOAM DESIGN AND RESPONSE 
The previous section presented a study which showed that polymeric foam-
filled panels can have a significant effect on the response of a composite barrier. The 
comparative design study shows that when a barrier was fitted with a foam-filled 
panel, the initial deceleration was increased, which significantly reduced the NIV 
metric, although other metrics were negatively affected (namely amax, RoF and Favg).  
This section will present two parametric studies which are used to assess the 
dependence of the performance of the composite barrier on two important design 
parameters: the amount of polymeric foam used in the removable panel and the 
amount of water ballast. Using the composite FE/SPH model used in the comparative 
design study of Section 6.3 as a base, variations were made to the two design 
parameters such that their effect on the barrier’s response could be determined. The 
metrics presented in Section 6.2 were used to analyse the results of the simulations, 
elucidating the mechanics of the composite barrier during the impact.  
The development of the simulations, the subsequent results and discussions of 
the parametric studies into the foam and water ballast are presented in Sections 6.4.1 
and 6.4.2, respectively.  
6.4.1 Parametric study of XPS foam 
The aim of the parametric study presented in this section was to examine the 
dependence of the barrier’s response to the amount of XPS foam used in the foam-
filled panel. A number of simulations were developed based upon the combined 
FE/SPH model and boundary conditions detailed in Section 6.3.2. 
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6.4.1.1 Model creation 
  
Figure 6-13 Definition of the thickness dimension used in the foam parametric study 
As the foam principally absorbs energy via deformation in the z-axis (e.g. the 
thickness dimension of the panel), it is this dimension that is altered in the study. The 
design of the panel used in Section 6.3.2 had a nominal thickness in the z-axis of 40 
mm (Figure 6-13). It was decided that the study would assess five foam thicknesses; 
24, 32, 40, 48 and 56 mm.  
The base combined FE/SPH model was altered using a combination of ANSYS 
Workbench and LS-PrePost to develop models for the five thicknesses used in the 
study. As the thickness of the foam was altered, it was necessary for the geometry of 
the LDPE panel and LDPE exterior shell to be altered to accommodate the change in 
the panel’s dimensions. The geometry changes were done in Solidworks with the FE 
meshes remade in ANSYS Workbench. As the geometry of the LDPE outer shell 
was altered, its volumetric capacity was changed. Hence the SPH field was 
reconstructed for each simulation in LS-PrePost to ensure that the mass of the water 
ballast was identical for each simulation (i.e. 532 litres).  
The process of recreating the combined FE/SPH model for each thickness was 
a relatively straightforward and simple process, as this type of alteration had been 
catered for in the creation of the initial model (Section 6.3.1). This highlights the 
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need for forward-thinking and proper model-construction when one wishes to 
perform a geometry dependant parametric study using any FE solver. 
6.4.1.2 Study results and discussion 
The results from the five simulations were used to develop the quantitative 
metrics as per Section 6.3. Plots of these metrics versus the foam thickness can be 
seen in Figure 6-14 through Figure 6-18, with the time-history of Fz being shown in 
Figure 6-19. 
 
Figure 6-14 Plot of the NIV metric versus XPS foam thickness 
 
 
Figure 6-15 Plot of the ti metric versus XPS foam thickness 
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Figure 6-16 Plot of the amax metric versus XPS foam thickness 
 
 
Figure 6-17 Plot of the Favg metric versus XPS foam thickness 
 
 
Figure 6-18 Plot of the RoF metric versus XPS foam thickness 
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The results of Figure 6-14 through Figure 6-18 show that the change in the 
thickness of the XPS foam has a significant effect on the quantitative performance of 
the barrier. Most notably, there is a noticeable linear, negative correlation between 
the thickness of the foam and the NIV metric (Figure 6-14). When read in 
conjunction with Figure 6-19, it is clear that reduction in the NIV metric is due to the 
increased maximum deceleration in the initial, stiffness-dominated impact period. 
There is a relatively linear positive correlation between the thickness of the foam the 
amax (Figure 6-16) and Favg (Figure 6-17) metrics as well. These results indicate that 
the increased amount of foam results in the barrier absorbing more of the impact 
head’s kinetic energy, reducing the head’s velocity at a faster rate.  
While the maximum deceleration, and hence impact force, increases with foam 
thickness, the value of the RoF metric shows a rough negative correlation with the 
foam’s thickness (Figure 6-18). This shows that with an increased foam thickness, 
the composite barrier decelerates the impact head at a higher, more consistent rate. 
This is reflected in the result of Figure 6-15, where the impact duration (ti) increases 
with the increasing foam thickness.  
It is of note that both the RoF and ti plateau with the foam thickness of 48 mm, 
with the values for 40 and 56 mm are relatively similar for both metrics. This may 
indicate that a foam thickness of 48 mm may be a localised ideal value for this 
particular design.  
 
Figure 6-19 Time-histories of Fz for the foam thickness study 
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Analysis of the time-histories in Figure 6-19 reveals that the increase in the 
foam thickness generally increases the reaction force during the initial, stiffness 
dominated impact period. In the period where the barrier begins to be displaced 
(between 0.015 to 0.03 seconds after impact), the higher thickness barriers continue 
to have a greater reaction force, and this continues through to the end of the impact.  
In the simulations with larger foam thicknesses, the foam panels are capable of 
absorbing more strain energy before the deformation of the panel begins to results in 
an impact force large enough to begin displacing the barrier.  
It can be seen that the time-history of Fz for the 40, 48 and 56 mm foam 
thicknesses are essentially grouped together, varying only slightly in magnitude. This 
is also indicated in the results of quantitative metrics seen in Figure 6-14 through 
Figure 6-18. This indicates that with the thickness between 40 to 56 mm, there is 
little change to the barrier’s impact mechanisms.  
As mentioned earlier the quantitative metrics appear to indicate that 48 mm is a 
localised ideal thickness for the barrier of this design. Mechanically, this is thought 
to be due the stiffening effect of increasing the foam’s thickness.  
Also of note is the Fz plot of the 24 mm thickness foam. The secondary peak 
for this simulation is greater than the secondary peaks for the 32 and 40 mm foam 
panel simulations. As the initial peak of the 24 mm foam panel simulation is lower 
than that of the other simulations, the velocity of the impact head is greater when it 
begins to crush the barrier against the rigid wall. The impact head has more kinetic 
energy at this point, and as the impact head begins to decelerate at an increased rate, 
the internal steel frame begins to deform. The deformation of the steel frame in this 
simulation is much greater than the deformation observed in the simulations that 
utilised foam panels of a greater thickness.  
6.4.2 Parametric study of water ballast 
The parametric study detailed in this section aimed to investigate the effect of 
the amount of water ballast on the barrier’s response, in conjunction with varying the 
thickness of the XPS foam panel.   
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6.4.2.1 Description of parametric study 
Using the five models of the barrier impact with varying foam thicknesses of 
Section 6.4.1, fifteen simulations were created with three different water levels: 690, 
530 and 345 litres (Figure 6-20). These values were chosen as they were relatively 
easy to model given the discrete nature of the SPH particles.  
345 kilograms 530 kilograms 690 kilograms 
 
Figure 6-20 Comparison of SPH field for the three water ballast levels 
It was important that the size of the SPH particles field size took into account 
the volumetric capacity of each barrier, considering the internal volume of the barrier 
altered by changes to the thickness of the XPS foam panel. The SPH fields were 
altered to ensure that the mass of the water ballast was within ±0.2 kg of the intended 
mass. This work was done using LS-PrePost.  
6.4.2.2 Analysis of results 
The time histories of Fz for the simulations using the 350 and 690 kg water 
ballasts can be seen in Figure 6-21 and Figure 6-22, respectively, with the plot of Fz 
for the simulations using a water ballast of 530 kg previously presented in Figure 
6-19. These figures show that the amount of water ballast in the barrier has a very 
significant effect of its impact response. With a lower amount of water ballast in 
Figure 6-21, the first peak of Fz it reduced significantly, compared with Figure 6-19 
and Figure 6-22, where the secondary peak being much higher. The secondary peaks 
seen in Figure 6-21 are the maximum values for the impact, in contrast with the 
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simulations with larger amounts of water ballast. Confirming the relationship 
between water ballast and initial peak impact force, Figure 6-22 shows that increased 
water ballast greatly increases the initial peak of Fz, with the secondary peak also 
being significantly reduced.  
 
Figure 6-21 Time-histories of Fz for varying foam thicknesses with a water ballast of 345 kg 
 
Figure 6-22 Time-histories of Fz for varying foam thicknesses with a water ballast of 690 kg 
As the mass of the water ballast is reduced, the force necessary to overcome 
the inertia of the barrier and displace the barrier is also reduced. In the simulations 
with 350 kg of water ballast (Figure 6-22), the peak force during the initial stiffness-
dominated period is greatly reduced, as the barrier begins to translate towards the 
fixed, rigid wall. The lower initial impact force means that the impact head has a 
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higher velocity when contact with the rigid wall is initiated. Therefore, the secondary 
peak is larger in Figure 6-21, as the kinetic energy of the impact head is absorbed. 
The plot of Fz in Figure 6-22 shows the inverse effect of Figure 6-21 as the 
water ballast is increased. Here the initial impact peaks absorb nearly all of the 
kinetic energy of the impact head, with only small secondary peaks occurring during 
the barrier’s contact with the rigid wall. Of note here is that the simulations with the 
two thinnest panels (24 and 32 mm), have a much longer impact duration than the 
thicker foam panel simulations. This has a marked and significant effect on some of 
the quantitative metrics.  
 
Figure 6-23 Plot of the NIV metric versus XPS foam thickness for varying water 
ballasts (n.b values for 690 kg use altered NIV metric) 
 
Figure 6-24 Plot of the ti metric versus XPS foam thickness for varying water ballasts (n.b values 
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Figure 6-25 Plot of the amax metric versus XPS foam thickness for varying water ballasts 
 
 
Figure 6-26 Plot of the Favg metric versus XPS foam thickness for varying water ballasts 
 
 
Figure 6-27 Plot of the RoF metric versus XPS foam thickness for varying water 
ballasts 
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The effect of the increased secondary peak in Figure 6-21 can be seen in Figure 
6-25, where the values of amax for the simulations with water ballast of 350 and 530 
kg are relatively similar (Figure 6-25). This is partly due to the values for amax of the 
350 kg water ballast simulations coming from the secondary peak rather than the first 
peak, as is the case with when the water ballast was 530 and 690 kg. This indicates 
that the values of amax are not comparing the same mechanisms for these simulations. 
The relationship between the amount of water ballast and the NIV metric 
(Figure 6-23) is a reflection of the decreased initial peak of Fz when the mass of the 
water ballast is reduced. It is also noted in this figure that for the simulation with 690 
kg of water ballast, the NIV metric has been altered to measure the velocity of the 
impact head when it has been displaced 185 mm after impact (as opposed to the 
standard NIV displacement of 200 mm). This is because in all the simulations for the 
690 kg water ballast, the velocity of the impact head was reduced to zero before it 
managed to travel 200 mm. This highlights the effect of the increased inertial mass of 
the barrier.  
The increased impact duration of the simulations with 24 and 32 mm foam 
thicknesses and 690 kg of water ballast has a marked effect on the Favg (Figure 6-26) 
and RoF (Figure 6-27) metrics. As the time interval is increased for these two 
simulations, the measure of the average impact force is artificially decreased, which 
in turn increased the RoF for these simulations. However it can be seen that 
increasing the water ballast mass moderately decreases the Favg value, while 
increasing the RoF metric. The ti metric has a strong positive correlation with the 
mass of the water ballast (Figure 6-24). 
When all the metrics of all the simulations and investigated and analysed, it can 
be seen that the effect of the thickness of the foam remains constant with the varying 
water ballast mass, apart from the aforementioned Favg results.  
6.4.3 Discussion of results 
The simulations from the two parametric studies produce a series of interesting 
and informative results. Primarily it can be seen that an increased thickness of XPS 
foam will positively affect most of the safety metrics of the barrier. The results from 
Section 6.4.1 show the foam thickness has a strong correlation, linear correlation 
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with the reduction in both the NIV and the RoF metrics, although the values of amax 
and Favg also increased with increasing foam thickness.  
The mass of the water ballast was shown to have a very significant effect of the 
impact response of the composite barrier. The increased inertial mass of the barriers 
with more water ballast resulted in an increase in the initial impact force required to 
begin the displacing the barrier. This significantly affected the impact force time-
histories, with the impact response of the simulations with the lowest amount of 
water ballast being considerably altered.  
It was necessary that the simulation results of the parametric studies be 
scrutinised for spurious results that may unduly affect the quantitative metrics used. 
Due to the nature of the FE and SPH methods, the veracity of any outlier results 
should be verified to ensure that design choices, based upon the results of the 
parametric study, are valid.  
The parametric studies presented in this section demonstrate that the 
computational model of the portable, deformable road safety barrier can be used as a 
functional design tool. This model, and the underlying methodologies, can be used in 
the future to undertake comparative design and parametric studies of all types of road 
safety devices. 
6.5 CONLCUSION 
In this chapter, a design comparison study and two parametric studies were 
presented using a combined FE/SPH model of a deformable, portable road safety 
barrier, based upon the successfully validated and verified computational model 
presented in Chapter 5:. In addition to providing informative data on the performance 
of the composite barrier, the studies also showed that the developed computational 
model (and the development processes detailed in Chapter 5:) can be used as a 
design tool in the development process of a new water-filled composite barrier.  
Using the combined FE/SPH model from Chapter 5:, a more generic profile of 
a composite road safety barrier was created, consisting of an external LDPE shell, 
and internal steel frame, two polymeric foam-filled panels and an amount of water 
ballast. The model was developed to be more generic than the barrier used in Chapter 
5:, so that the results of the studies would be unobscured by design-specific 
mechanism and could be generalised for other composite barrier designs. The FE 
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mesh and SPH field of the barrier were created using a combination of Solidworks, 
ANSYS Workbench and LS-PrePost in such a manner that any change to the 
geometry of the design could be easily reflected in a new simulation.  
The design comparison studies sought to investigate the efficacy of a 
polymeric foam-filled panel as part of the composite barrier design during an impact 
scenario. The boundary conditions were set such that the simulation could examine 
the structural and inertial characteristics of the barrier designs. A set of quantitative 
metrics were defined based upon the performance requirements of a road safety 
barrier. The results of the study showed that the two foam-filled panels (PU and XPS 
foam), considerably improved the impact response of the barrier. The barriers with 
the foam-filled panels had a much higher initial impact force, which in turn 
positively affected a number of the quantitative metrics, though the peak deceleration 
was increased. Based upon the results of the simulations, it was decided to continue 
to further investigate the performance of the composite barriers with the foam-filled 
panels, in particular the effects of the amount of polymeric foam and water ballast. It 
was also shown that the effect of the two foams was relatively similar, with the 
effects of the stiffer XPS foam being slightly greater in magnitude. As such it was 
decided to use only the XPS foam in the parametric studies.  
As the XPS foam-filled panel was shown to have an appreciable effect in the 
design comparison study, two parametric studies were conducted using the combined 
FE/SPH model to investigate the effects of two design parameters; the amount of 
foam and the amount of water ballast. The results of the studies showed that an 
increased amount of foam generally increased the safety performance of the 
composite barrier, while the amount of water ballast had very significant and 
complex effects on the barrier’s impact response.  
The studies presented in this chapter show that the validated computational 
model presented in Chapter 5: can be used to perform comparative design and 
parametric studies as part of the development process of a composite barrier. It is 
important the simulations are flexible enough so that minor changes to the geometry 
of the barrier can be easily reflected in the combined FE/SPH model. In addition, it 
was necessary for the analyst to examine the outputs for spurious results, so that they 
do not unduly effect design decisions. Overall, it was shown that the developed 
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combined FE/SPH model of the composite barrier performed very well as a design 
and investigation tool. 
Though the work presented in this chapter provides a great amount of 
information concerning the performance of the composite barrier, further work is 
required before the functionality of polymeric foam-filled panels as part of a 
portable, deformable road safety barrier can be fully determined. This work will 
include a more thorough parametric and design investigation into the effect of the 
panels as part of a system of barrier units, installed as per the requirements of the 
MASH standards.  
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Chapter 7: Conclusions 
Portable road safety barriers are necessary road safety devices which are 
deployed when the need for protection on a roadway is temporarily increased. A 
functional barrier system will control both the vehicle’s speed and direction of travel, 
reducing the kinetic energy of the automobile while providing a redirective force 
which will safely alter the course of the vehicle. Methods of experimental evaluation 
for road safety barriers are dictated by the relevant standards documents specific to 
national and international jurisdictions. These evaluation methods are based upon 
full-scale testing using vehicles which are indicative of the national vehicle fleet, 
with a number of evaluation criteria used to assess the capacity of a barrier’s design. 
While this full-scale impact testing is ultimately necessary to ensure the safety 
performance of road safety barriers, the cost and time requirements of such large 
scale experimental testing prevents these methods from being of practical use during 
the design and development phases for a new barrier. Many analytical methods exist 
for evaluating the barrier behaviour during vehicular impacts, though the flexible and 
powerful FE method had not been shown to accurately represent the behaviour of 
portable and deformable, water-filled barriers during impact conditions previous to 
this study. 
In this thesis, a computational model of a composite, portable water-filled road 
safety barrier was presented and was validated against experimental results which 
utilised an innovative horizontal impact testing system. In addition, the efficacy of 
polymeric foams to function as part of a portable road safety barrier was 
investigated, with the validated computational model and its underlying methods 
being shown to be able to function as a useful and functional design and 
investigation tool. 
7.1 CONTRIBUTIONS OF THESIS 
In order to evaluate the capacity of polymeric foams to function as part of a 
deformable and portable road safety barrier, it was necessary to undertake an 
experimental investigation to determine the mechanical properties of the foam during 
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compression. Two polymeric foams, XPS and PU, where subjected to an 
experimental program which assessed their cyclical compressive response at low and 
moderate strain-rates. The testing resulted in the determination of the materials’ 
stress-strain response and energy absorption capacity, in addition to important factors 
concerning the manufacture and use of the foams.  
The XPS foam was shown to be stiffer than the PU foam of similar density and 
its behaviour was more dependent on the compressive strain-rate. Material models 
for use with the explicit FE solver LS-DYNA were developed to represent the rate-
dependent behaviour of the foams using the constitutive Fu-Chang material 
formulation. The material formulation used smoothed stress-strain profiles of the 
foams at the examined strain-rates to determine the loading response, and the 
unloading response was established by empirical determination of the relevant 
values. A study was performed to analyse the behaviour of the material models and 
the FE mesh, with the models validated against the experimental force-displacement 
profiles. 
As the full-scale, vehicular impact testing of early-design road safety barriers 
can be prohibitively expensive, a new, innovative horizontal impact testing system 
was used as a surrogate of an errant vehicle to evaluate the impact behaviour of a 
composite barrier. The impact testing system featured air pressure vessel, which was 
mechanically restricted and pressurised to the required level. When freed using a 
quick release mechanism, the pressurised air in the vessel would extend a rubber 
airbag expander, which in-turn propelled an impacting carriage along a fixed set of 
rails. The impact carriage featured a structural steel impacting head in the shape of a 
car front bumper to act as a surrogate for the errant vehicle, and had a known mass of 
300 kg. Impact speeds up to 7.02 m/s were achieved in the experimental testing. The 
system featured a number of instruments which were used to measure the kinematics 
of the impact cart, including an accelerometer and a string potentiometer, which were 
used to determine the net contact force acting upon the impact head. 
The composite barrier, based upon the Centurion Zone barrier, used in the 
experimental testing featured an external LDPE body, an internal steel frame and 
externally mountable PU foam filled panels. The barrier could be filled with water to 
act as ballast to increase its inertial mass. Impact tests were conducted on four 
separate barriers, altering the design of the barrier specimens iteratively so that the 
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effects of the individual components could be assessed by comparison of the impact 
cart’s kinematics. The computational model of the composite barrier was developed 
to accurately represent its structural response and capacity; hence the experimental 
testing was required to assess these properties of the barriers.  As such, the 
experimental testing environment was designed so that the structural characteristics 
of the barrier would dominate the impact cart’s response, with the recorded results 
showing stark differences between the different designs of the barrier specimens. 
Finally, a study was performed to determine the friction coefficients between the 
concrete ground and the LDPE outer shell of the barrier. 
To build a complete and functional computational model of the composite road 
safety barrier used in the experimental testing, it was necessary to use one of the 
barrier specimens to construct the required geometric and materials models of the 
barrier’s components. The development of the models of the sub-component and of 
the barriers themselves was governed by a set of design guidelines, ensuring that the 
models are constructed with a consistent design philosophy. Details of the FE models 
were given in the thesis, including descriptions of element formulations, material 
models, FE meshes and contact algorithms. The material model of the LDPE was 
created utilising experimental results and used a novel formulation which is better 
able to represent important polymer behaviours than traditional formulations. The 
water ballast was represented using an SPH field, with available equations of state 
and the particle field resolutions analysed to ensure an accurate and efficient model. 
Each model was verified to ensure consistent behaviour during a simulated impact. 
Using the combined FE/SPH model of the composite barrier, simulations of the 
experimental impact testing were constructed and the results of these simulations 
were compared against the experimental data. Apart from a discernible difference in 
impact force time-history for one impact scenarios (concluded to be due to the rigid 
contact between impact head and supporting structure), there was an excellent 
correlation between the simulated and experimental results for all of the metrics 
used. With the validity of the model demonstrated, it was subsequently used to 
explore the barrier’s deformation mechanics during impact. The simulations 
established the dominance of the internal steel frame in the barrier’s response, noting 
the importance of the frame’s transition to buckling of the transverse members and 
the self-contact with the frame  
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With the developed model of the composite barrier having been shown to 
accurately represent the structural characteristics of the barrier during impact, the 
computational model and its development methods were then used as part of a design 
analysis of a composite barrier. A number of simulations were constructed to assess 
the impact mechanism of the barrier and to determine the efficacy of polymeric 
foam-filled panels, utilising a generic design of road safety barrier. Analysis of the 
simulations demonstrated the complex relationship between the inertial and structural 
characteristics of the barrier in its translation and deformation during impact. Using a 
developed set of metrics based upon the evaluation criteria of the international 
standards, it was shown that the PU and XPS foam-filled panels had a significant and 
generally positive effect on the safety of the barrier, with the XPS foam having a 
greater effect. 
Two parametric studies were performed to analyse the effects of the amount of 
XPS foam, in addition to investigating the effect of the amount of water ballast on 
the barrier’s response. The investigation showed that increasing the thickness of the 
foam-filled panels lead to increased safety capacity, although some metrics were 
negatively affected and the relationships were not necessarily linear at higher 
thicknesses. The amount of water ballast had a significant effect on the response of 
the composite barrier, and showed a strong interaction with the thickness of the foam 
panels. This investigation demonstrated that the computational model is a functional 
design and investigation tool. 
7.2 IMPLICATIONS OF RESEARCH 
The success of the research of this thesis underscores two fundamental 
abstractions. The work has demonstrated that a computational model of a deformable 
water-filled system, utilising FE and SPH modelling methods and provided with 
reasoned and considered underlying conceptual and mathematical models, can 
accurately represent the behaviour of the physical system during impact. In addition, 
the research has developed an experimental and computational framework for the 
design and appraisal of portable, flexible road safety devices. Future design and 
development programs may take advantage of these concepts to reduce the cost of 
design evaluation and expedite the development of functional impact mitigating 
structures.  
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The research presented in this thesis primarily demonstrates that a combined 
finite element and smooth particle hydrodynamics model can be used as a cost 
effective analytical method in the design and development of deformable and 
portable road safety barriers.  
The innovative horizontal impact testing system described in this thesis was 
proven for use as a surrogate for vehicular impacts to investigate and determine the 
structural response of road safety devices. This experimental process is a cost 
effective method of determining the impact response of road safety devices and 
provides the necessary data for validating computational models of such devices. The 
use of this testing system is not limited to road safety devices and is adaptable to 
wide range of impact scenarios. 
The developed FE/SPH model of the barrier made use of novel and precise 
material formulations to represent the behaviour of the materials used in the 
construction of the barrier. It is necessary that the materials used in the manufacture 
of a modelled device are accurately represented, with experimental investigation of 
material behaviour recommended. The use of material formulations with the 
capability to represent the behaviours important to the materials response is key to 
the success of the developed computational model. As research into the field 
progresses, it may be required for studies to investigate the relationships between 
model resolution, simulation accuracy and computational cost, as the time required to 
solve high resolution full scale vehicular impacts may be prohibitive. 
The internal steel frame of the composite barrier using in the experimental 
testing was shown to be the dominate component in the impact test, defining the 
transition from one deformation regime to another. However it was shown in the 
design investigation that the response of a composite barrier is a complex balance of 
the structural and inertial properties of the system. When a parametric study is 
undertaken, it is important that the underlying mechanics of the impact are 
understood and that the interplay between the system’s components is understood. 
The research showed that polymeric foam-filled panels can have a significant 
positive effect on the safety and capacity of the barrier; however this must be 
balanced against the commercial viability of such a design. In addition, is noted that 
the combined FE/SPH model of the barrier may be used to achieve the desired 
effects of the foam through proper engineering of the steel frame and LDPE exterior. 
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7.3 RECCOMENDATION FOR FUTURE WORK 
The research of this thesis has proven the capability of FE and SPH methods to 
accurately represent the behaviour of a composite barrier during impact loading 
conditions. Extensive knowledge concerning the deformation mechanics of the 
barrier during impact, modelling methods of the barrier, experimental impact 
investigation methods and the efficacy of polymeric foams to function as impact 
mitigating materials has been developed. The results and outcomes of the research 
are significant, although focussed to ensure that the fundamental goals of this thesis 
were achieved. Review of this thesis presents many opportunities for further 
research, including the following:  
 The Fu-Chang material formulation used to represent the polymeric 
foams performed excellently in compressive loading, though improvement in the 
unloading behaviour is sought. It is recommended that a modified version of the 
Fu-Chang formulation is developed, without the need for empirical 
determination of the unloading response and allowing for more accurate 
determination of the post-compression deformation.  
 Though the material model of the LDPE used in the composite 
barrier’s outer shell was verified and validated for the barrier, improvement in 
the model was sought. To achieve this, it is recommended that the tensile testing 
described in this thesis be performed again, with the tests being conducted at a 
constant true strain-rate. This would allow extrapolation of the strain-rate 
dependency of the stress profile and fracture strain, based upon the Eyring 
equation. 
 The experimental testing and computational simulation of the barrier 
sought to determine and represent the structural response of the barrier during 
impact. However, as demonstrated in the design investigation, the response of a 
free barrier is dependent on the structural and inertial characteristics of the 
barrier. Experimental testing and validation of a computational model should be 
conducted for the impact of an unrestrained barrier.  
 As discussed in the literature review, an array of individual barrier 
modules act together during impact to safely redirect an errant vehicle. The 
connection between barrier units plays an integral role during impact as it 
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transmits reaction forces to and engages with other units to alter the effective 
stiffness and inertia of the system depending on the design of the connection 
mechanism. It is necessary that experimental impact testing be performed upon 
an array of barriers, such that a computational model of the barrier system, 
including the connection mechanism, can be validated.  
 While the SPH method was successfully used in simulations in this 
thesis, it carries a significant computational cost. This cost is manageable for one 
off simulations, but may prove to be prohibitive for parametric and comparative 
design studies when multiple barriers are linked in an array. Thus the potential 
of using reduced-accuracy and reduced-cost methods of modelling the water 
ballast should be investigated, so that such methods can be used in barriers 
where the accurate representation of the water’s dynamics is not strictly required 
(i.e. away from the impact zone). 
 The impact testing system utilised hollow steel tubing as the impact 
head which was essentially rigid when compared to the composite barrier. This 
allowed for the impact force to be calculated based upon the filtered time-history 
of the acceleration. When the testing system is used to study impacts into stiffer 
structures, a stiffer impact head may be used, though the relatively low stiffness 
of the impact cart may begin to affect the recorded acceleration data. Improved 
methods for determining the impact force should thus be investigated. 
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